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EDITORIALLY SPEAKING 


= JOURNAL OF CHEMICAL EDUCATION 
has had its face lifted! The operation is obvious but 
not drastic. Rather than get tangled to the point of 
embarrassment, we shall let readers’ imaginations pur- 
sue the metaphor of what should happen to a lady in her 
thirty-sixth year. (Is not a publication, like a ship, a 
“she”?) We hope our loyal friends of long standing 
are pleased. They deserve the best we can do to make 
our appearance attractive. Naturally we hope to 
make new friends. The rate at which they have been 
joining our subscription list has given us the confidence 
to invest in the changes inaugurated with this issue. We 
very much want and need to know the reactions of our 
readers, both old and new, to the changes they see in 
this issue. We hope they will spend a few minutes 
putting their thoughts into writing for us. Only thus 
can the editors be saved hours of speculation about 
readers’ pleasure or displeasure. 

Neither new friends nor old are held by appearances 
only. Regardless of the eye-appeal our cover may have, 
our main concern must be for the mind-appeal of what 
is inside. Here we plan no changes as abrupt as the 
use of a new type face for titles nor as subtle as the omis- 
sion of periods from abbreviation symbols. In fact, we 
plan no changes at all in editorial policy. 

In a very real sense it is double talk to say that an 
editorial policy can be other than to change. We 
have often referred to the tradition on which our illus- 
trious predecessors built: “the JouRNAL oF CHEMICAL 
EpucaTIon is a living textbook of chemistry.” The 
word “living” is almost redundant when the phrase ‘of 
chemistry” modifies textbook. Chemistry changes. 
Our obligation, first of all, is to make the JouRNAL oF 
CHEMICAL EpucaTIon accurately reflect the progress 
which is inevitably a part of chemistry and chemistry 
teaching. 


Every year a Notice to Authors appears (see page 639 
of the December 1958 issue). Correspondents often 
have advised us to publish “Suggestions to Prospec- 
tive Authors” which could serve as a basis for pre- 


liminary liaison between contributors and this office. 
Perhaps the nearest thing to a policy is that implied 
by the statement prepared to accompany manuscripts 
to the desk of referees. We reprint it here: 


Acceptability for publication in the JouRNAL or CHEMICAL 
Epvucation depends on meeting three criteria: (1) accuracy, 
(2) clarity, and (3) appeal to reader interest. Editorial decisions 
are easiest to make for (1), most difficult for (3). The increasing 
excess of material submitted over the space available for publi- 
cation means that most questionable cases are decided by appli- 
cation of criterion (3). Your consideration of the following 
questions where pertinent will help to make your evaluation 
most useful. 

Does the author’s treatment of his topic: 

appear accurate in all respects? 

seem to have sacrificed clarity for conciseness or does it sound 

too verbose and wandering to be worth the space? 

consider the existing literature adequately? 

adequately recognize and complement what has appeared in 
THIS JOURNAL, especially in recent years? 

make sense to the “informed nonspecialist’”’? Is it written 
at a level between that of the authority addressing other 
specialists (as in Chemical Reviews) and that of the re- 
porter for a science news service? 

have an adequate introduction which states a rationale 
for the article? Does the introduction start at the proper 
level of background information for the average reader and 
lead him slowly but surely beyond his depth into new 
information, or does it plunge him immediately into a 
specialty? 

in the case of a laboratory experiment or description of 
novel equipment, suggest a type of activity which will 
urge the reader to use his own ingenuity rather than merely 
to copy? 


If there is any question of what we mean by the 
above, we gladly refer readers to the contents of this 
issue for illustration. A symposium on the chemistry 
of man-made elements would have been sheer specula- 
tion a few decades ago. A feature series on Chemical 
Instrumentation would have exhausted its topic in a 
few issues. The ingenuity reflected in the start of a 
fifth consecutive year of Tested Demonstrations would 
have been hard to discover. 

Chemistry is very much alive and growing. We hope 
THIS JOURNAL gives that impression too. 
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SYMPOSIUM 


The New Elements 


Tiss symposium! is on the new elements, 
or more properly speaking, the man-made or synthetic 
elements. The periodic table has provided a sort of 
blueprint which indicated, as the elements were being 
discovered, how many elements were possible up to the 
heaviest natural element, uranium, No. 92. By about 
the middle of the third decade of this century all 92 
elements had been discovered with the exception of 
those with the atomic numbers 43, 61, 85, and 87. 
Even these found their way into the periodic table 
under names such as masurium for element 43, illin- 
ium for element 61, alabamine for element 85, and vir- 
ginium for element 87. These ‘discoveries’ were 
erroneous, however, and the state of the understanding 
of the atomic nucleus was such in the 1930’s that it 
could be shown that these elements are all radioactive 
with such short half lives that their existence in appre- 
ciable concentrations on the earth is not possible. 
Actually all four elements do exist in nature. Ele- 
ments 85 and 87 occur as a result of rare branching de- 
cay in natural radioactive series and are present in 
quantities so small that there is possibly less than an 
ounce of each in the total crust of the earth. Ele- 
ments 43 and 61 are present as radioactive fission prod- 
ucts but at concentrations so small that they have not 
yet been detected. These four elements have been 
synthesized by man and the synthetic are by far their 
most important sources. The first papers give an ac- 
count of their present status. 

All the other synthetic elements must have atomic 
numbers higher than that of uranium, No. 92, that is 


1A symposium presented before the Division of Chemical 
Education at the 133rd Meeting of the Americxn Chemical 
Society, San Francisco, April, 1958. 


Introductory Remarks 


must be “transuranium elements.” All of the pres- 
ently known transuranium elements are members of a 
second rare earth group of elements and are known as 
the actinide elements. This transition series will end 
with the undiscovered element 103. Two of the trans- 
uranium elements, neptunium, No. 93, and plutonium, 
No. 94, exist in nature at very small concentrations as a 
result of their continuous production by the action of 
neutrons on uranium, while the heavier transuranium 
elements exist in concentrations too small to make their 
detection feasible to date. The synthetic is the only 
important source for the transuranium elements. 
Much of the present known information about these 
elements will be reviewed. It should be possible to 
synthesize elements beyond element No. 103, that is, to 
prepare transactinide elements. 

The early investigations of all these man-made ele- 
ments were made by the tracer technique. Following 
this, the next investigations were usually made with 
macroscopic quantities using very small quantities and 
the very ingenious techniques of microchemistry and 
ultramicrochemistry. Most of the presently known 
synthetic elements, with the possible exceptions of 
astatine, No. 85, francium, No. 87, and elements with 
atomic numbers greater than 99, have isotopes with 
sufficiently long half lives so that they can be isolated 
in weighable or macroscopic form. By the use of new 
techniques permitting special observations, such as 
spectroscopic measurements, it may be possible to work 
with macroscopic quantities of astatine, francium, and 
some of the elements beyond element 99. 


Glenn T. Seaborg, chairman of symposium 


University of California, Berkeley 
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Lanthanide | La | Ce | Pr | Nd | =) | Sm 
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20 22 27 I 30 31 32 34 
Ca | Sc | Ti Co | Ni Zn | Ga | Ge | As | Se | Br | Kr 
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37 38 39 4 46 41 50 51 52 
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G. E. Boyd 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 


The synthetic elements of nuclear charge 

43 and 61, now known as technetium (Tc) and prome- 
ihium (Pm), respectively, occupy a special place 
in the history of the discovery of the elements. Tech- 
netium was the first artificial element to be synthesized 
(1), whereas promethium was identified chemically 
for the first time during war-time researches on the rare- 
earth uranium fission products (2). These elements, 
which are the only elements lighter than uranium which 
have not yet been found on the earth’s crust, are, of 
course, quite different chemically. This difference was 
anticipated as early as 1869 in Mendeleev’s Periodic 
Chart of the Elements (3) wherein ekamanganese (Tc) 
and dwi-manganese (Re) appear in the seventh subgroup 
together with manganese, while the then known rare 
earths were placed in the third and fourth groups. Be- 
cause of the great similarities in chemical properties be- 
tween zirconium and hafnium, niobium and tantalum, 
and molybdenum and tungsten, there was some reason to 
believe that the properties of eka- and dwi-manganese, 
likewise, would resemble one another closely. It was not 
unexpected, then, that when the Noddacks announced, 
the discovery of rhenium in 1925 they also claimed to 
have found element 43 in the same minerals (4). In 
spite of a number of reports by the Noddacks on the 
isolation of element 43 in the period from 1925 to 1927, 
however, their observations were not confirmed by other 
investigators and their claim was not generally accepted. 
In contrast, small quantities (i.e., 120 mg) of rhenium 
were separated in 1927 by these workers and in 1928 
they isolated the first gram. 

The number of rare-earth elements has proved to be 
much larger than was suspected in Mendeleev’s time, 
and they could not be accommodated logically in his 
Periodic Chart of the Elements. The position of ele- 
ment 61, accordingly, remained obscure until Mosley 
derived his rules for determining atomic numbers (Z). 
It was then realized that one rare earth, that with 
Z = 61, lying between neodymium and samarium, 
remained undiscovered. In 1926, Harris and Hopkins 
(6) separated a rare-earth concentrate from monazite 
sands which possessed the properties they believed to 
be characteristic of element 61, and on this basis they 
announced the discovery of the element. At the same 
time, the isolation of element 61 was also claimed by 
Rolla and Fernandes (6). Again, partly because of the 
extreme difficulty in separating the rare earths cleanly 
from one another, the work of Harris and Hopkins was 


Presented as part of the Symposium on the New Elements before 
the Division of Chemical Education at the 133rd Meeting of 
the American Chemical Society, San Francisco, April, 1958. 
Based on work performed under the auspices of the U. S. Atomic 
Energy Commission. 


Technetium and Promethium 


not confirmed. In 1945 the question of the natural 
occurrence of element 61 was reviewed by Yost, Russell, 
and Garner (7), who have stated ‘The evidence for the 
existence in nature of element 61 is somewhat circum- 
stantial rather than conclusive, and the isolation of this 
element cannot be regarded as having been effected.” 

The date of the beginning of a knowledge of the chem- 
istry of element 43 based on experiment is now regarded 
as coinciding with that of the first reports by Perrier 
and Segré in 1937 and 1939 (8). The discovery of 
element 43 was a direct consequence of the invention 
of the cyclotron. Following the successful operation 
of the Berkeley cyclotron in 1935, it became possible 
for the first time to transmute molybdenum atoms into 
element 43 by bombarding molybdenum metal with 
energetic protons or deuterons. Observations on the 
chemicel behavior of the element were made with 
quantities not greatly exceeding 10~'* g, that is to say, 
with unweighable amounts. The properties observed 
were unlike those of any other element, although they 
resembled those of rhenium fairly closely as had been 
anticipated. In 1947, Perrier and Segré proposed 
that element 43 be named “technetium” (symbol Te) 
after the Greek word “rexvn7o s”’ (signifying ‘‘artificial’’) 
in keeping with the mode of production of the element. 
This claim of the discovery of element 43 and the pro- 
posed name has been accepted officially (9). 

It was soon recognized that element 61, like techne- 
tium, might also be produced by a nuclear transmuta- 
tion reaction. In 1941, Law, Pool, Kurbatov, and Quill 
(10) working at the Ohio State University produced 
several new activities which presumably were those of 
element 61 by irradiating neodymium and praseodym- 
ium with neutrons, deuterons, and alpha particles, 
respectively. The formation of these radioactivities 
was confirmed in 1942 by Wu and Segré (11) and by 
Bothe (12). Chemical proof of the production of ele- 
ment 61 was lacking in all this work, however, primarily 
because of the extreme difficulty at that time in effecting 
a separation of the rare earths from each other. It 
was not until in researches on the fission-product rare 
earths in 1945 that Marinsky, Glendenin, and Coryell 
(13) supplied the first positive chemical identification 
of element 61 using the newly developed techniques of 
ion-exchange chromatography. Their work consisted 
in first establishing the rare-earth character of an un- 
identified fission-product activity, and then in demon- 
strating that this tracer preceded Nd in the chromato- 
graphic spectrum for the elution of the rare earths from 
a cation exchanger. An additional and stronger argu- 
ment was supplied by the data (/4) given in Figure 1 
wherein it is seen that element 61 is bracketed in the 
elution sequenc> by Sm and Nd. The name “pro- 
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Figure 1. Elution sequence 
buffer eluants at 100°C (14). 


methium” (symbol Pm) was proposed in 1948 by Mar- 
insky and Glendenin (2) for element 61, and this has 
been accepted officially (9). 

Searches for technetium (/5—18) and promethium (19) 
in terrestrial materials have continued in the post-war 
period. The reported occurrence in 1951 (20) of several 
lines of Tc-II in the spectrum of the sun, and particu- 
larly the dramatic discovery by P. W. Merrill (21) of 
many lines of Tc-I, in absorption, in the spectra from 
S-type (Fig. 2) and more recently (22) in N-type stars 
greatly stimulated these searches which have used 


powerful new and sensitive methods.....The results to... 


date have indicated that the concentration of pri- 
mordial technetium on the earth’s crust must be ex- 
ceedingly low. As yet there is no independently con- 
firmed report of its occurrence. The evidence for tech- 
netium in the sun has been re-examined (23, 24), and 
it has been concluded that the case for its existence here 
is not proved. 

One search for promethium among rare-earth mate- 
rials has been reported (19). This, too, yielded a nega- 
tive result, which, when coupled with the fact that in 
recent years very large quantities of rare earths have 
been processed without any indications of this ele- 
ment suggests that primordial promethium is also 
missing from the earth’s surface. 

The discovery of technetium in a number of stars 
of spectral classes S, M, and N has been of great signifi- 
cance. Its presence has led to new theories of the pro- 
duction of heavy elements by neutron capture in the 
stellar interior (24, 25) or by nuclear transmutations 
caused by magnetically accelerated charged particles 
at the stellar surface (26). 


Nuclear Chemistry of Technetium and Promethium 

All of our knowledge of the properties of technetium 
and promethium has been gained using their unstable 
isotopes, so that it may be of interest to review briefly 
some of the information available on the nuclear chem- 
istry of these two elements. 


Technetium 
The oldest known technetium isotopes are, of course, 


those of 60- and 90-day half life used by Perrier and . 


Segré in their chemical studies. Researches performed 
since 1946 have shown that these periods are associated 
with mass numbers 95 and 97, respectively (27, 28, 29). 

The most useful isotope for tracer work with techne- 
tium unquestionably is the 60 d Tc®”. Its relatively 
long half life and the fact that energetic gamma rays 
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in the ion-exchange chromatographic separation of the cerium earths using citrate 


to a ground state, Tc*”, 
of extremely long half life 
(30). Avvalue of 2.6 + 0.4 
X 10° years for its decay 
by orbital electron capture 
(K-capture) has been deter- 
mined recently (31). Te®” is therefore the longest- 
lived technetium isotope known. 

The 6.0 h Tc first studied by Seaborg and Segré in 
1939 (32) occupies an important place in the develop- 
ment of the nuclear chemistry of technetium. These 
investigators showed that this isomeric activity decayed 
with the emission of a line of electrons and Te K, 
X-rays to ground state, Tc®”, whose radiations were 
undetected. It was concluded that Tc® possessed a 
half life greater than 40 years. In 1940, following the 
discovery of uranium fission, Segré and Wu (33) found 


-6.0- h among -the- fission. products; hence, this 


isotope was the first of technetium to have been thus 
observed. In 1946-47 the radiations of the long- 
lived Tce®™ were finally detected in technetium frac- 
tions isolated from the fission products (34, 35) and 
from molybdenum metal irradiated for one year with 
neutrons in a nuclear reactor (36). Painstaking specific 
activity measurements using weighable amounts of tech- 
netium isolated from the fission products have yielded a 
half life of 2.12 * 10° years for the beta dt of Tc’ 


LINES OF TcI IN THE SPECTRUM OF R ANDROMEDAE 
MOUNT WILSON OBSERVATORY 
Ce 3522 1944 


Figure 2. Plate: Lines of Tc-I in the spectrum of R Andromedae. 
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by the state of the chemical NoOH TO DRAIN |. .° 
binding of the atomsin which 
it iscontained, or by low tem- 
peratures. Since the classic RESIDUE “eit 
experiments of Rutherford, 

it had been assumed that a 


nuclear properties could ee 
not be altered by a change 
in external environment. 
Extremely precise half-life 
measurements (38), how- 
ever, have now revealed 
that decay relative to its 
metal becomes more rapid 
when 6.0 h Tc” is com- 
bined into KTcO, or Te2S:. 

The most recent and 
possibly the last long-lived 
technetium isotope to be 
discovered is Te*. This 
activity has been produced 
by prolonged and intense 
irradiations of molybdenum metal with protons (39) or 
by a long irradiation of ruthenium with neutrons in a 
high intensity neutron reactor (40). A preliminary 
half life of approximately 2 X 10° years has been 
estimated for Tc*. It may be concluded that the ex- 
istence of three very long-lived technetium isotopes is 
now well established. However, none possesses a 
half life sufficiently long to allow technetium to occur 
naturally. 


Promethium 


Four long-lived isotopes of promethium have been 
characterized (41), but none shows a half life of greater 
than 18 years. Thus, by comparison with technetium, 
promethium is a highly transitory element. The most 
generally useful isotope of promethium is the 2.64 y 
Pm"? which occurs in good yield among the uranium 
fission products. Other long-lived isotopes of prome- 
thium of possible interest are 270 d Pm"*, 300 d Pm", 
18 y Pm, 1 y Pm™, 42 d Pm", and 5.3 d Pm'®. 
The last activity may be produced by neutron capture 
in Pm", and was observed soon after the isolation of 
milligram quantities of the latter in 1948 (42). It 
decays with energetic gamma rays and is useful as a 
promethium tracer. 


The Isolation of Weighable Amounts of Technetium 
and Promethium 


The best method for obtaining the relatively large 
(uantities of technetium needed for chemical and 
vhysical researches is to isolate it from uranium fission- 
product mixtures. Because of the extremely high 
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Figure 3. Flow plan for the isolation of technetium and other fission-product acid-insoluble sulfides from 
pile-irradiated uranium metal (44). 


levels of radioactivity also involved, such operations 
must be conducted using remote handling techniques 
and extensive gamma-ray shielding as afforded by hot 
cells. In the absence of such facilities it is possible to 
produce and isolate small amounts of technetium and 
promethium by prolonged neutron irradiations of 
highly purified molybdenum and neodymium, res- 
pectively, in a chain reacting pile. After a time suffi- 
cient for the complete decay of the 2.8d Mo” or 11.1 d 
Nd'” alse formed, conventional laboratory bench-top 
chemical operations may be employed to separate the 
technetium or promethium. Two reports (36, 43) have 
appeared describing the separation of fractional milli- 
gram quantities of Te®” from Mo. 

The concentration of technetium produced in natural 
uranium metal irradiated in the identical neutron flux 
is approximately six times larger than that obtained in 
the irradiation of an equal volume of molybdenum metal 
for an equal period. Accordingly, in 1948 Parker, 
Reed, and Ruch (44) separated milligrams of fission- 
product technetium from several kilograms of uranium 
metal irradiated in the ORNL Graphite Moderated 
Neutron Reactor (Fig. 3). After dissolution of the 
uranium in hydrochloric acid and oxidation of the 
uranous chloride to urany] chloride with bromine water, 
the technetium was separated from the solution by 
coprecipitating it with platinum sulfide. Subsequently, 
the technetium was separated from the platinum by 
oxidizing the sulfide with ammoniacal hydrogen per- 
oxide, placing the resulting solution in concentrated 
sulfuric acid and distilling off the Te. Reprecipita- 
tions were performed until technetium sulfide could be 
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precipitated by itself without the use of “carrier.” 
Sufficient quantities of pure technetium were isolated 
to permit the X-ray emission spectrum of the element 
to be recorded for the first time, and to allow prelim- 
inary measurements of other physical properties. 

The amount of promethium recoverable from irradi- 
ated uranium is usually considerably less than that of 
technetium, partly because of the lower fission yield of 
the former and partly because of losses by decay of the 
relatively short-lived Pm!’ before chemical processing. 
Nevertheless, milligram quantities of promethium were 
isolated successfully in 1948 by Parker and Lantz (44). 
In this separation the uranium was removed by solvent 
extraction, and all of the cationic fission products were 
absorbed from the remaining dilute acid solution onto a 
cylindrical bed of strong acid-type cation exchanger. 
The fission products zirconium and niobium were then 
preferentially removed by elution with a dilute oxalic 
acid solution. This step was followed by a chromato- 
graphic fractionation of the rare earths from one an- 
other, using ammonium citrate buffer solutions. The 
promethium fraction was purified by several additional 
ion-exchange absorption-elution cycles, and, after con- 
centration by evaporation, Pm(OH); was precipitated 
with 4 4 NH,OH. Almost all the information on the 
chemical behavior of promethium now in hand was 
obtained with the element isolated in this operation. 
This isolation of weighable quantities of Pm for the first 
time was of importance in establishing the discovery of 
element 61. 

Appreciable quantities of technetium and promethium 
are found, and hence are potentially available in the 
waste products (i.e., solvent extraction raffinates) 
from radiochemical processing plants, as may be seen 
on inspection of Table 1. The first gram of technetium, 
in fact, was isolated in 1952 from a “Redox” process 
waste following the flow diagram shown in Figure 4 
(46). Insoluble acid sulfides could not be used to co- 
precipitate and separate the technetium from these solu- 
tions because of the high concentrations of nitrate ion 
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Figure 4. Flow sheet for extraction of gram amounts of Tc from redox 
process waste (46). 
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in them. Good use, however, was made of the organic 
base, tetraphenylarsonium chleride, which forms a 
slightly soluble precipitate with perchlorate ion added tc 
the waste, and in turn coprecipitates the structurally 
similar pertechnetate anion. The impure “crude’ 
technetium-containing precipitate was processed (47 
by dissolving it in concentrated sulfuric acid and elec- 
trolyzing this solution for 24 hours using large brigh: 
platinum electrodes. The black solid (TceO.) which wa:. 
deposited was then purified by distillation with per- 
chloric acid followed by sulfide precipitation, conversion 
to ammonium pertechnetate and reduction to techne- 
tium metal using hydrogen gas. The electrolysis pro- 
cedure has the disadvantage that the expensive organo- 
metallic reagent, tetraphenylarsonium chloride, is de- 
stroyed. A simple procedure wherein this reagent is 
recovered has been developed meanwhile: the ‘“‘crude”’ 
is dissolved in ethyl alcohol and the solution is passed 
through a bed of the chloride-salt of a strong-base anion 
exchanger. Pertechnetate ion is strongly absorbed and 
soluble tetraphenylarsonium chloride is formed which 
appears in the effluent and may be recovered and puri- 
fied by recrystallization. Technetium may be eluted 
quantitatively from the anion exchanger with 2 N per- 
chloric acid and refined additionally as required. 


Table |. Compositions of Typical Metal Recovery Waste 
Solutions (Based on Analysis) 


0.87 curies/liter 
0.94 curies/liter 
0.10 curies/liter 
0.87 curies/liter 
1.06 curies/liter 
6.5 mg/liter 

Fe, Ni, Cr Small, variable 


7.0 curies/liter (est.) 
1 mg/liter (esé). 


Multigram amounts of technetium and promethium 
are destined to become available in the near future as 
a consequence of the initiation of operations in the re- 
cently constructed Fission Product Recovery Pilot 
Plant at the Oak Ridge National Laboratory (48). 
The design production rates for this plant indicate 
(Table 2) that approximately 650 g of promethium and 
1200 g of technetium will be isolated per year! Pro- 
methium is being produced at a rate of about one gram 
per month at the present time, using a process which 
utilizes solvent extraction to separate the element par- 
tially from large quantities of other fission-product rare 
earths, followed by anion-exchange chromatography ‘0 
purify the promethium and to remove the small qua: 
tities of the difficultly separable americium usually pre-- 
ent in process waste solutions (49). 


Table 2. Design Production Rates for the ORNL Fission 
Product Recovery Pilot Plant 


Production per year 
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Redox process Purex process : 
Al(NOs)s 1.4M 
NH,NO; 1.9M 
Hg(NOs)2 0.0125 M 
HNO; bia 3.9N 
4.4 curies/liter 
4.6 curies/liter 
9.0 curies/liter 
4 
Am 
Nop 
Cs 
Sr, etc. 
200 , 000 curies 
Sr 240,000 curies 
2,400,000 curies 
Ru™ 200, 000 curies 
Pm!" 625,000 curies 


Precautions to Be Observed 


In view of probable laboratory experimentation with 
gram and milligram quantities of technetium and pro- 
inethium, respectively, within the next few years, some 
ynention should be made of the potential hazards in- 
volved. Both synthetic elements decay with relatively 
Jong half lives emitting only beta particles of relatively 
low average energy. Because of its two hundred 
tnousand year half life, the specific activity of fission- 
product technetium is only about 20 microcuries per 
milligram. The walls of ordinary laboratory glassware, 
therefore, should give adequate radiation protection. 
Promethium, in contrast, possesses a specific activity of 
nearly one curie per milligram, and, although no gamma 
rays are emitted, appreciable quantities of bremsstrah- 
lung or ‘“‘white’”’ X-radiation are generated. Moderate 
thicknesses of glass or plastic, however, are sufficient to 
allow chemical experimentation with quantities of less 
than 10 mg. Care must be taken in working with both 
elements to avoid contaminating the laboratory. This 
is especially true for measurements with promethium 
where, it is emphasized, special arrangements must be 
made for its containment in the event of an accident. 
Complications may also arise in work with promethium 
because of the radiation decomposition of the solvents 
in which it is dissolved, or of the constituents of com- 
pounds into which it is formed. Comparatively few 
reports have appeared describing investigations of the 
chemical toxicity and metabolic behavior of technetium 
and promethium. In experimentation with small ani- 
mals, it has been found that ingested technetium is ex- 
ereted with extraordinary speed (50). More recently, 
however, it has been reported (57) that injected tech- 
netium is selectively filtered from the blood and con- 
centrated by the thyroid gland. The affinity of the 
thyroid for technetium, ruthenium, and iodine was 
found to be roughly equal. The deposition of prome- 
thium in tissue of the rat has been measured (52), 
and some of its metabolic history has been determined 
(53). The incompleteness of the available evidence on 
the biological effects of technetium and promethium 
should be kept in mind in the conduct of laboratory 
work with these elements. 


Chemistry of Elemental Technetium 


Preparation. Metallic technetium has been prepared 
by several reduction reactions. In the first prepara- 
tion (54) hydrogen gas was passed at 1100° over Te:S; 
to form a dark sintered mass which was identified as 
technetium metal by X-ray diffraction. This metal 
usually contains variable amounts of sulfur, however, 
unless the reaction is prolonged at a high temperature. 
Alternatively (47), the heptasulfide may be dissolved in 
ammoniacal hydrogen peroxide and evaporated to dry- 
hess to give a mixture of ammonium pertechnetate and 
animonium sulfate. This mixture when heated in hy- 
drogen gas at 500-600° gives an exceptionally pure 
metallic product. A bright, cathodic deposit of tech- 
he‘ium metal on platinum is obtained on the electroly- 
sis of solutions of ammonium pertechnetate in 2 N 
su'furie acid solutions containing a trace of fluoride ion 
(53, 56). Electrolysis of neutral, unbuffered solutions, 
however, yields a black deposit of TeOs. 

Physical Properties of Elemental Technetium. The 


metal obtained by the hydrogen reduction of ammonium 
pertechnetate is a silver-gray spongy mass which tar- 
nishes slowly in moist air. The atomic weight of the 
element, determined by burning this metal in oxygen to 
technetium heptoxide and weighing the latter, was 
98.8 + 0.1 (47). Thedirectly measured mass spectrom- 
eter value is 98.913 (57) which agrees well with a value 
of 98.911 obtained using the mass spectrometrically 
determined mass of Ru®® (58) and the beta decay energy 
of Tc. The structure of technetium metal (59) is 
quite similar to that of rhenium metal. Both crystallize 
in a hexagonal close-packed arrangement with metallic 
radii for twelve coordination of 1.358 for technetium 
and 1.373 Afor rhenium. These radii may be compared 
with values (60) of 1.306 or 1.261, 1.386, and 1.336 A for 
manganese, molybdenum, and ruthenium, respectively. 
The calculated density of technetium metal based on 
the X-ray measurements and an atomic weight of 99 is 
11.50 gm/cm? which value is intermediate between that. 
for molybdenum (10.2) and ruthenium (12.06), and 
for manganese (7.20) and rhenium (20.53). Electrical 
resistance measurements on technetium metal over 2 
range of pressures up to 30,000 kg/cm? give no evidence 
for a transition in the metallic state, nor do shearing 
measurements indicate any transition below 60,000 
kg/cm? (61). 

Preliminary determinations of the melting point of 
metallic technetium have been conducted (62). A 
value of 2140 + 20°C was found, which may be com- 
pared with values of 1260° for manganese, 3180° for 
rhenium, 2620° for molybdenum, and 2450° for ruthe- 
nium. Technetium metal is like manganese and different 
from rhenium metal in that its melting point is lower 
than that of the metal of the next heavier element in 
its period. Atomic magnetic susceptibility measure- 
ments (63) on metallic technetium show the element to 
be weakly paramagnetic, x = 270 X 10-* ec gs (Mn, 
x = 527 X 10-*; Re, x = 69 X 10-*). 

The optical emission spectrum of technetium is 
uniquely characteristic of the element (64, 65) with a 
few strong lines relatively widely spaced as in the spec- 
tra of manganese, molybdenum, and rhenium, The 
wavelengths and relative intensities of about 2300 lines 
characteristic of Te atoms and ions have been deter- 
mined (66). Twenty-five such lines are observed in the 
arc and spark spectra between 2200 and 9000 A. Many 
of these lines are free from ruthenium or rhenium inter- 
ferences and are therefore useful analytically. The 
ionization potentials for Te(g) and for Te*+(g) have been 
given as 7.28 and 15.26 ev, respectively (67), and the 
ionization potential for Te+*+(g) has been estimated as 
31.9 ev (68). Analysis of the data of the first spectrum 
of Tc shows that in the normal unexcited state the atoms 
of this element (like Mn atoms) have five d-type and 
two s-type valence electrons (i.e., 4d°5s? ®S,/,). 

In recent years several measurements of the X-ray 
emission spectrum of technetium have been reported 
(69-71). The wavelengths of these lines, of course, fall 
between those for ruthenium and molybdenum, and the 
most reeent measurements (1955) show excellent agree- 
ment with calculated values. An estimate of 4.4 volts 
for the work function for metallic technetium has been 
published, based upon considerations of the variation 
of this quantity with Z (72). Measured values for 
molybdenum, ruthenium, manganese, and rhenium are 
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4.27, 4.52, 3.95, and 5.1 volts, respectively. Techne- 
tium metal, like rhenium but unlike manganese, has 
been found to become superconducting at low tempera- 
tures (73). The exceptionally high transition temper- 
ature (11.2°K) exhibited by technetium has been of in- 
terest. 

Chemical Properties of Elemental Technetium. Me- 
tallic ‘technetium dissolves in dilute or concentrated 
nitric acid, in aqua regia and in concentrated sulfuric 
acid, but, interestingly, it is not soluble in hydrochloric 
acid of any strength (64). It is not soluble in ammonia- 
cal hydrogen peroxide, and in this respect contrasts with 
rhenium metal which does dissolve (47). Metallic 
technetium, like rhenium, will burn in oxygen to form a 
volatile oxide (74) with a heat of combustion of 266.1 
+ 2.6 kcal/mole to form Te,0;(c) at 298.16°K (74). 
Chlorine gas reacts slowly or not at all with technetium 
(63), whereas rhenium reacts to form a volatile chloride. 
No alloys of technetium have been prepared, although 
there is evidence for the solution of Tc in nickel (38). 
In analogy with rhenium, alloys with molybdenum, 
nickel, cobalt, iron, palladium, and platinum should 
exist. None of the thermodynamic properties of gas- 
eous technetium has been determined experimentally ; 
however, the entropy of the species Tc(g) has been es- 
timated as 43.3 + 0.1 esu. at 25° (75). In mass spec- 
trometric studies Te+ (g) ion has been formed by ther- 
mal ionization and by electron bombardment (39). 


Chemistry of Technetium Compounds 


Heptavalent Oxidation State. The anhydrous hept- 
oxide of technetium, Tc,0;, is readily prepared by burn- 
ing the metal with oxygen gas at 500° (74). The com- 
pound so formed may be purified by resublimation. 
At room temperature it is a highly hygroscopic, crystal- 
line, light-yellow compound. The compound is highly 
soluble in water and also dissolves in dioxane. The 
measured melting point is 119.5°, and the estimated 
boiling point, 311 + 2°, compared with values for 
Re,O; of 300 and 360°, respectively. Technetium hep- 
toxide thus possesses a much longer liquid range than 
Re.O;, apparently because of the low melting point for 
Te,O;. Atits melting point Tc,0; exhibits a vapor pres- 
sure of about 1.0 mm which is much higher than that for 
Re.O; at the same temperature (76). Vapor pressure 
measurements on crystalline and melted Tce,0; have 
led to an unexpectedly large entropy of fusion (i.e., 
42.3 eu, compared with 27.6 eu, for Re.O;). The value 
for Te,O; may not be correct, and, in the absence of a 
calorimetric determination, the derived heat of fusion 
(16.6 + 0.5 kcal/mole) must be regarded as provis- 
ional. Interestingly, electric conductivity is observed 
in solid Tc,0;7 but not in the melt, whereas, with Re2O; 
the reverse holds. X-ray diffraction powder patterns 
have been measured on Te,07; the crystal is one of low 
symmetry and is net isomorphous with Re,O; (77). 
Magnetic susceptibility measurements (63) show Tc20, 
to be very weakly paramagnetic as might be expected 
for technetium when it has no d electrons. Techne- 
tium heptoxide is stable on heating up to 260°. It 
shows a strong oxidizing character and is reduced by 
organic vapors (i.e., stopcock grease) quite readily. Its 
heat of formation, AH,°, has been measured as — 266.1 

+ 2.6 kcal/mole, and, from the estimated entropy value 
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of 45.8 eu, the free energy of formation, AF ;°, is —224.1 
kcal/mole (77). 

Technetium heptoxide on dissolving in water forms a 
colorless solution which upon evaporation yields long, 
red-black crystals of the anhydrous pertechnetic acid, 
HTcO, (74). This acid is extremely strong and its con- 
centrated solutions are dark red. Vapor pressures of its 
aqueous solutions have been measured (78). Informa- 
tion on the thermodynamic properties of the crystalline 
compound is summarized in Table 3. 


Table 3. Thermodynamic Properties of Technetium and 
Some of Its Compounds at 298.16°K. 


— AH;° 8° —AS° — AF; ° 

Compound (keal/mole) (cal/mole deg) (keal/mole) 
Te (ce) 0.0 7.4 £0.32 0.0 0.0 

Te (g) 43.26 + 0.01 35.9 + 0.2 
TcO: (c) 103.7+2.0 14.9 +0.5 41.5+0.5 91.4+2.0 
TcOs (c) 129.0+5.0 17.3 +0.6 63.140.6 110.2+5.0 
Te207 (c) 266.1+2.6 45.8 + 2.0 140.9+2.0 224.1+2.6 
HTcO, (c) 167.4%21.3 33.3 + 2.0 87.7+2.0 141.3+1.3 
TcO.~ (aq) 732.0+1.3 46.0 +0.1 75.0+0.1 150.6+1.3 
KTcO, (c) 242.521.5 39.742+0.10 78.921.0 219.0+1.5 
KeTcCle 79.5 +1.0 117.6 + 1.0 


A number of salts of pertechnetic acid have been pre- 
pared, among which are ammonium pertechnetate, 
NH,TcO,, potassium pertechnetate, KTcO,, cesium per- 
technetate, CsTcOx,, silver pertechnetate, AgTcOu,, tetra- 
phenylarsonium pertechnetate, and nitron pertechne- 
tate. The latter two salts are insoluble and may be 
utilized as gravimetric forms. Potassium pertechne- 
tate is considerably more soluble at 25° than potassium 
perrhenate (46) and, likewise, (CsH;)sAsTcO, is more 
soluble than (CsH;)AsReO,. The crystalline forms 
of the alkali metal and ammonium salts are colorless 
and are isomorphous with the corresponding salts of 
rhenium. X-ray diffraction measurements (79) have 
shown that NH,TcO., KTcOx, and AgTcO, have the Ca- 
WO-,-structure. The density of NH,TcO,is 2.73. Am- 
monium pertechnetate on heating in vacuo to 550° de- 
composes to form TcO, (80). The fragmentation of NH, 
TcO, under electron bombardment at 80° to 160°C has 
been studied in a mass spectrometer (81). The cracking 
patterns revealed the following ions: Te,0;+, TcOx*, Te- 
O;+, TcO,+, TcO*, and Tc* in this order of abundance 
at 80°. Other fragments such as Te,0;+, Te2O,* and 
Te.0,+ were also noted. KTcQ,, in contrast to NH: 
TcO,, may be fused at ca. 540°C and sublimed at ca. 
1000°C without apparent decomposition (82). 

The most stable species of the element in aqueous 
solution is pertechnetate ion, TcO,-. Pertechnetate, 
like perrhenate, ion is stable over a very wide range of 
pH, in contrast to permanganate ion. The ionic radius 
of Tc+? has been estimated as 0.56 A (83), a value iden- 
tical with that also estimated for Re*’ but larger than 
that for Mn+ (0.46 A). The estimated (83) ionization 
potential for Tc*’ is 95 electron volts, a value internie- 
diate between that for Mn+’ (122 ev) and Ret’ (79 
ev). The Tc-O spearation in the tetrahedral TeO,~ ion 
is about 1.75 A (79) which may be compared with a 
value (84) of 1.97 A for ReOQ,-. 1t is not unexpected, 
therefore, that the pertechnetate ion should posses~ a 
stability intermediate between that for ReO,~ and 
MnOQ,~ ions. The oxidation-reduction diagrams shown 
in Figure 5 bear out this expectation. 

It is seen that the oxidation potential for the Tc\2/ 


TcO,~ couple in acid aqueous solutions is intermedi ite 


between those for the corresponding couples of m: 


Re'- 
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Figure 5. Oxidation-reduction diagrams for the elements in the 7th 


subgroup of the periodic table. 


ganese andrhenium. Pertechnetate ion is a weak oxidi- 
zing agent although somewhat stronger than perrhenate 
ion. Aqueous solutions of pertechnetate and perrhe- 
nate ions display a strong absorption of light in the ultra- 
violet (Fig. 6). Accurate measurements of the molar 
absorbancy indices for the TcO,— peaks at 2440 and 
2875 A have given values of 6220 and 2360, respectively 
(85). It may be seen that the spectrum of TcO,~ in 
aqueous solution bears a considerable resemblance to 
the spectrum of the isoelectronic species ReO,~. The 
spectra of MnO,~ and RuQ, are also quite similar. The 
relative sharpness of the electronic bands and the exist- 
ence of vibrational structure which arises presumably 
from the metal-oxygen vibrations in the ions suggests 
that the electrons giving rise to the transitions respon- 
sible for the absorption are protected. However, there 
are no electrons remaining in the d-orbitals of Tc and Re 
because these are in their maximum oxidation state. 

Information on the solubility of TcO,~ ion in organic 
liquids may be inferred from its solvent extraction be- 
havior. The earliest work on the solvent extraction of 
pertechnetate ion showed that it did not extract into 
diethylether (8). However, subsequent work (86-89) 
has revealed that heptavalent technetium extracts well 
into a wide variety of organic solvents containing oxy- 
gen, phosphorus, or nitrogen. The behavior of per- 
technetate ion in concentrated hydrochloric acid solu- 
tions is of interest. Spectrophotometric studies have 
shown that a change in the species begins when the con- 
centration reaches 6 N and that this change is complete 
when the concentration rises to 9 N. In this respect, 
pertechnetate ion is strikingly different from perrhenate 
which does not show this behavior except at the highest 
concentrations of HCl. Small amounts of the sulfide, 
TeS;, cannot be precipitated from 9 N hydrochloric 
acid solutions, even though this sulfide is quite insol- 
uble in 3 N acid (8, 90). 

The brown-black heptasulfide of technetium is best 
prepared by precipitation from 2 to 4 N HCl or H.SO, 
solutions using hydrogen sulfide (91). Usually the 
precipitate contains free sulfur which must be removed 
by careful was.:ing with carbon disulfide. On heating, 
the heptasulfide decomposes to form an amorphous 
disulfide, TeS, (80). One of the oxyhalides of heptava- 


Tc(IV) has been prepared and characterized. In 


lent technetium has been prepared recently (82). Per- 
technetyl chloride, TcO;Cl, may be formed by the sim- 
ple procedure of adding 12 M HCl to a solution of 
KTcO, dissolved in 18 M H,SO,. On shaking the acid 
with carbon tetrachloride, chloroform, or hexane the 
compound is extracted into the organic phase. The 
optical absorption spectrum measured on this compound 
shows a vibrational characteristic superimposed on the 
electronic band quite reminiscent of that for pertechne- 
tate ion. Mass spectrometric data have been obtained 
(81) which suggest the formation of TcO;F by the re- 
action of NH,TcO, with UF, in the mass spectrometer. 

Hexavalent State. No compound of Te(VI) has been 
prepared, although several unsuccessful efforts to syn- 
thesize TcO; have been made (77). The thermody- 
namic properties of this compound have been estimated 
from observations on Te2,O; and the difference between 
Re.O; and ReO; (75). These estimates suggest that 
Te(V1) will be unstable with respect to Te(IV) and 
Te(VII) and that it will disproportionate to the latter 
in aqueous solution. It has been predicted (92) that 
the technetate ion, TcO,-, may be stable enough in 
basic media and even in very dilute acids to permit cell 
emf measurements to be made. 

Pentavalent State. There is no record of the success- 
ful preparation of any solid compound of Te(V). The 
preparation of TcCl; by heating Ag:TcCl,, the procedure 
that is successful in the case of the preparation of ReCl, 
when Ag>ReCl is heated, is not feasible because, owing 
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Figure 6. Optical absorption spectra observed with dilute aqueous 
solutions of KTcO, and KReO,. 


to the hydrolysis of the’ion AgsTeCl, cannot be 
isolated. Several products have been obtained in the 
reaction of chlorine gas with TcO, (63). A light-brown 
product, which may be TcOCl;, was formed which could 
be sublimed at 900°. This compound was paramag- 
netic. As might be expected, Tce(V) may be prepared in 
aqueous solution when stabilized as a complex ion. 
Recently evidence for the formation of a thiocyanate 
complex ion in aqueous solutions has been obtained (93). 
This thiocyanate complex may be extracted quantita- 
tively into a solution of trioctylphosphine oxide or of 
trioctylamine hydrochloride in cyclohexane or 1,2-di- 
chloroethane. The very large molar absorbance index 
(52,200 + 500) at 5100 A (see Fig. 7) of the complex 
makes it useful for the detection and estimation of 
trace amounts of technetium. 

Quadrivalent State. A variety of solid compounds of 
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Figure 7. Optical absorption spectrum of technetium(V) thiocyanate 
complex dissolved in cyclohexane. 
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aqueous solution, however, quadrivalent technetium 
does not appear to exist as Te(OH)**, TeO**, or TeO.- 
(OH)*+ ion, but only as a complex anion. The esti- 
mated ionic radius for the Te+! cation is 0.70 A which 
value is very close to that for Mo** and W+t*. 

Black TcO,-2H,O may be synthesized by the reduc- 
tion of pertechnetate ion in hydrochloric acid with 
metallic zinc (63). Relatively pure deposits of TcO:-- 
2H.O0 may be formed by the electrolysis of neutral or 
alkaline pertechnetate solutions between platinum elec- 
trodes (77). Anhydrous TcO: may be produced by the 
thermal decomposition of ammonium pertechnetate. 
Anhydrous black TcO, (density = 6.9) like ReQ; 
(11.2) has the MoO, structure (79, 94). Technetium 
dioxide dihydrate shows a very small magnetic sus- 
ceptibility which does not obey the Curie-Weiss equa- 
tion (63). The dioxide is readily oxidized to Tc,0; 
with oxygen and reacts readily at 300° with dry chlo- 
rine. In acid aqueous solutions TcO2 may be oxidized 
readily to TeO,~ using Ce(IV) or, in alkaline solutions, 
using hydrogen peroxide. 

Technetium disulfide, TcS:, is another important 
solid compound of Te(IV). The crystalline compound 
is best prepared by heating precipitated Tc2S; with ex- 
cess sulfur in a bomb for 24 hours at 1000°C., and after- 
wards removing the unreacted sulfur by sublimation 
in vacuo (80). The X-ray diffraction pattern for this 
compound shows it to have a disordered structure re- 
lated to the MoS.-structure and to be isomorphous with 
ReS, (79). The true unit cell is not known. It is 
pseudohexagonal and may be either orthorhombic or 
monoclinic. When technetium sulfide is heated in a 
stream of HS at 1000° technetium metal is produced. 

The only halide of Te(IV) thus far prepared is Tc- 
Cl, which may be synthesized by heating Te.O; with 
CCk, in a closed bomb (95). Small, blood-red crystals 
are formed which are paramagnetic. The temperature 
variations of the vapor pressure of TeCl, have also been 
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measured. If the highest chloride of technetium is 
truly TcCl,, then technetium is more like manganese 
which forms MnCl, than like rhenium where the pen- 
tachloride, ReCls, is known. 

Several of the complex salts of Tc(IV) have been pre- 
pared, the best studied of which is potassium hexachlo- 
rotechnetate (IV), K:TcCl. This compound may be 
formed by the reduction of ammonium pertechnetate 
with potassium iodide in concentrated hydrochloric 
acid (63) or, alternatively, better by the reduction of 
KTcO, with hypophosphorus acid in concentrated 
HCl. The golden-colored, needle-like crystals of 
KTcC\, display a strong paramagnetism which obeys the 
Curie-Weiss law (63). The effective magnetic moment 
is 4.3 Bohr magnetons, which value may be compared 
with the theoretical estimate of 3.88 for three unpaired 
electrons. The compound K.TcCl, differs from K:- 
ReCl, most importantly in its instability toward hy- 
drolysis in aqueous solutions. The former compound 
decomposes completely to give TcO2 in neutral solu- 
tions; even in 3 N hydrochloric acid solutions changes in 
its optical absorption spectrum occur upon standing 24 
hours. Measurements of the optical absorption spec- 
trum in aqueous solution have revealed K,TcCls ab- 
sorbs strongly in the visible with bands having maxima 
at 2400 and at 3380 A (Fig. 8). X-ray diffraction 
measurements (79, 96) on K:TcCle demonstrate that 
this compound possesses the K,PtCl-structure and is 
isomorphous with K,ReCls. The compound may be 
extracted quantitatively from aqueous acid solutions 
by a number of organic liquids including alcohols and 
by trioctylamine hydrochloride dissolved in cyclohex- 
ane. The compounds K:TcBrg and K2Tcl¢ have also 
been prepared and the optical absorption spectra of 
these in aqueous solution have been measured (82). 
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Figure 8. Optical absorption spectra observed with dilute aqueous 
solutions of K2TcClg and K2ReClg. 


Trivalent State. Unsuccessful efforts have been mace 
to prepare the lower oxides of technetium, including tlie 
sesquioxide Te,0; (63). On heating TcO, to 900° in a 
high vacuum a black deposit was observed to deposit 
upon the walls of the containing vessel, and, after he: t- 
ing one hour at 1100°, approximately 50% of the init:al 
material had sublimed and condensed. However, \‘- 
ray diffraction analysis of the deposit showed that Tc): 
had sublimed unchanged. In this respect Te(I\V) 
differs from both Mn and Re. When MnO, is heat »d 


Mn: 
is h 
met 

for 
at p 

0.7 This 
dize 
trun 

0.6|— 
0.5 
That 

0.4 
F 
0.3 istry 
elem 
any 

tion: 

cont 

pha: 

betv 

| 
tech 

oxid 

tog 
tech 

Tabl. 

AH;°, 

Coval 

Toniza 

Denait 

Meltir 

X:0 

Anda 

Ge 

tech 

hept: 

redu 

medi 

dioxi 

fate 1 

if th 

Te(V 

some 

acid 

| 

percl 
hydr 
withe 

two 

volat 

solub 

corre: 

solub 

those 
phos 
than 
tracte 


Mn.0O; and lower oxides are formed, whereas when ReO, 
is heated at 750°C it disproportionates to rhenium 
metal and Re,O;. Recently evidence has been obtained 
for the formation of Tc(II]) in aqueous solution (97). 
Controlled potential electrolysis of pertechnetate ion 
at pH 7.0 in a phosphate buffer appears to give Te(III). 
This valence state is highly unstable and is easily oxi- 
dized by air to Tc(IV). The optical absorption spec- 
trum of the green Te(III) formed in aqueous solution 
by electro-reduction has been measured. 


Comparisons of the Chemistry of Technetium with 
That for Manganese and Rhenium 


From what is known at present concerning the chem- 
istry of technetium, it is clear that the properties of this 
element are much more like those of rhenium than of 
any other element in the periodic table. The expecta- 
tions based on the periodic table and on the lanthanide 
contraction are amply confirmed. It should be em- 
phasized however, that quantitative differences do exist 
between the chemistries of technetium and rhenium. 
In the lower oxidation states there are suggestions that 
technetium may be like manganese, while in the upper 
oxidation states the element is unmistakably most like 
rhenium. The data summarized in Table 4 may serve 
to give quantitative comparisons between manganese, 
technetium, and rhenium. 


Table 4. Chemical and Physical Properties of Some of the 
Group VIl Elements and Compounds 


Property cl Mn Te Re 
AHy°, (aq) —31.4 kcal/mole —129.7 —173.0 190. 
E°, X/XO.~- —1.34 volts —0.7 —0.477 —0.367 
AHys°, (c) —103.6 keal/mole —194.4 — 242.5 263. 
Covalent radius (0.99) A 1.306 1.358 1.373 
Ionization 

potential 13.01 volts 7.43 7.28 7.87 

nsity twa 7.20 11.50 20.53 
Melting point 

X20; (c) —92° <—20° 120° 300° 


Analytical Chemistry of Technetium 


General Considerations. The analytical behavior of 
technetium is very similar to that of rhenium. The 
heptavalent form of technetium, however, is more easily 
reducible than Re(VII) and, in a non-complexing form 
medium, forms a slightly soluble dioxide. Technetium 
dioxide may be oxidized quantitatively with ceric sul- 
fate to give Tc(VII), although the reaction may be slow 
if the compound has been heated. Acid solutions of 
Te(VII) may not be evaporated to dryness without 
some loss of the element because of the volatility of the 
acid HTcO, and of the oxide Tce,0;. Te(VII) may be 
distilled quantitatively from concentrated sulfuric or 
perchloric acid. In the presence of hydrobromic or 
hydrochloric acid, however, technetium may be heated 
without loss, probably because of the fact that these 
two acids form lower oxidation states which are not 
volatile. Heptavalent technetium forms an acid in- 
soluble sulfide which is slightly more soluble than the 
corresponding rhenium compound, ReS;. Several in- 
soluble organic pertechnetate salts are formed such as 
those with nitron and with tetraphenylarsonium or 
phosphonium compounds. These are more soluble 
than the corresponding perrhenates, and may be ex- 
tracted into organic liquids such as chloroform, ete. 


The organic reagent tetron forms an insoluble precipi- 
tate with the anion, TceCh-. 

Separation of Technetium. In radiochemical analy- 
ses for technetium it is frequently necessary to separate 
the element from uranium and/or the fission products. 
Two procedures have found application: The first, 
which is employed when irradiated uranium metal is 
analyzed, involves the dissolution of the metal in hy- 
drochloric acid, oxidation of the uranium to uravyl 
chloride and precipitation of an acid-insoluble sulfide 
such as platinum or copper sulfide which coprecipitates 
the technetium. This precipitate is contaminated with 
fission-product molybdenum, ruthenium, palladium, 
and antimony. A decontamination of the technetium 
is effected by dissolving the sulfide in ammoniacal hy- 
drogen peroxide, and distilling it with sulfuric acid to 
which inactive fission products (“‘hold-back carriers”’) 
have been added. Finally pertechnetate is coprecipi- 
tated with tetraphenylarsonium perrhenate. In an 
alternative procedure (87) use is made of the solvent 
extraction of tetraphenylarsonium pertechnetate after 
a preliminary removal of radioactive fission product 
iodine. The latter is effected by heating the uranium 
with a mixture of sulfuric acid and sodium peroxydisul- 
fate. The solution is then neutralized with ammonium 
carbonate, tetraphenylarsonium chloride is added and 
an extraction with chloroform is performed. Techne- 
tium goes quantitatively and preferentially into the 
organic phase. 

The separation of technetium from molybdenum 
when the former occurs as a radioactive daughter-prod- 
uct of the latter has been performed by a variety of pro- 
cedures: molybdenum may be precipitated away from 
Te(VII) using 8-hydroxyquincline or a-benzoinoxime. 
Alternatively, pertechnetate ion may be separated from 
an alkaline molybdate solution by coprecipitation with 
tetraphenylarsonium perrhenate. Distillation tech- 
niques using sulfuric plus phosphoric acid mixtures have 
been found to work quite well. The addition of phos- 
phoric acid drastically reduces the volatilization of 
molybdenum by forming a phosphomolybdate com- 
plex. Yet another method is that of ion-exchange 
chromatography, with which a very efficient separation 
can be achieved. Finally, it is possible to separate 
molybdenum from technetium by an ether extraction 
from hydrochloric acid solutions. In this separation 
molybdenum is extracted and technetium remains in 
the aqueous layer. 

Technetium may sometimes be associated with ru- 
thenium which may occur either as a fission-product 
ruthenium activity, or as a bulk constituent as in neu- 
tron irradiations to produce Tc*”. A separation from 
small amounts of ruthenium may be carried out after 
the distillation of technetium and ruthenium (as RuQ,) 
with perchloric acid by reducing the laiter in dilute 
acid with alcohol. Minor quantities of ruthenium are 
separated almost completely from weighable quantities 
of technetium in the recrystallization of KTcQ,. 

The separation of technetium from rhenium is the 
most difficult of all, as might be expected. A variety of 
procedures have been employed: One is a volatility 
method involving the distillation of the chlorides of the 
two elements. A mixture of rhenium and technetium 
metals or of rhenium and technetium heptasulfides is 
heated at 300° in-a stream of gaseous chiorine (8). The 


Volume 36, Number 1, January 1959 / 11 


a 
is 
se 
e- 
te 
‘ic 
of 
ad 
of | 
nt 
ed 
ed 
nd 
u- 
in 
24 
44 
on 
vat 
is 
be 
ms 
nd 
1 | 
Iso 
| 
] | 
eous | 
ade 
the 
na 
oxit 
t- 
| 
IV) 
od | 
| | 


rhenium chloride formed is stable and _volatilizes, 
whereas the technetium chloride decomposes and re- 
mains behind. A second method is based upon differ- 
ences in the solubilities of the sulfides of technetium and 
rhenium in concentrated hydrochloric acid solutions 
(8, 90). A complete separation of weighable amounts 
of rhenium from trace amounts of technetium can be 
effected. Another method for the removal of techne- 
tium from rhenium consists in the selective reduction of 
Te(VII) from Re(VII) by an electrolysis in an alkaline 
solution at a controlled potential (98). A good deposit 
of technetium dioxide is obtained, and perrhenate re- 
mains in solution. Finally, efficient ion-exchange 
chromatographic methods (99, 100), (17) have been em- 
ployed in obtaining excellent separations of rhenium and 
technetium using thiocyanate and perchlorate solutions 
as eluting agents. 

Assay Methods. Fission-product Tc*® may be deter- 
mined readily by means of a radioactivity assay. Its 
specific activity is 37,800 d/m/yg, so that a practical 
sensitivity of detection of about 0.1 yg is attainable. 
There are a number of difficulties, however, with the 
assay because the beta particles emitted in the decay 
of Tc® are of very low energy. Care must be taken in 
source preparation for beta counting to minimize er- 
rors caused by anomalous back-scattering, sample self- 
absorption, etc. Another sensitive method for the 
estimation of minute quantities of technetium is that 
of spectrochemical analysis. Using the resonance 
lines in Te and Te-I at 4297.06, 4262.26, 4238.19, and 
4031.63 A, respectively, as little as 0.1 ug can be deter- 
mined reliably. Several spectrophotometric methods 
for the determination of small amounts of technetium 
are available. Quantities of Tc(VII) in aqueous solu- 
tions as small as 1 wg may be determined by using the 
ultraviolet absorption bands at 2470 and 2890 A in the 
spectrum of pertechnetate ion. Somewhat smaller 
quantities (i.e., 0.2 ug) of technetium may be estimated 
using the absorption of technetium(V) thiocyanate at 
5150 A (93). Perhaps the most sensitive chemical 
method is that employing the polarographic half-wave 
observed in the reduction of Tce(VII) to Tc(IV) in a 
phosphate buffer at pH 7.0. As little as 0.05 ug of 
technetium may be estimated using the ORNL high 
sensitivity polarograph. Of all the methods for the de- 
termination of trace quantities of technetium, the neu- 
tron activation analysis procedure is the most sensitive 
by far. Use is made here of the 15.8 s Tc’™ formed by 
neutron capture in Tc®*. The capture cross section for 
thermal neutrons by Tc” is sufficiently large (20 + 5 X 
10-4 cm?/atom) as to permit the detection of 20 micro- 
grams of the element (1/7). However, special ar- 
rangements to use this method are needed because of the 
very short half life of the activity induced. 

Weighable quantities of technetium are easily deter- 
mined by the precipitation of tetraphenylarsonium 
pertechnetate which may be filtered, dried, and weighed 
with excellent precision. 


Chemistry of Promethium 


Many fewer studies have been performed on the 
chemistry of promethium and its compounds than has 
been the case with technetium. This may be partly 
because Pm possesses but one valence state, namely, the 
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typical rare-earth trivalent state, so that its chemistry is 
not of especial interest, and partly because of the large 
amounts of activity that must be contained in working 
with this fission-product element. As yet, promethium 
metal has not been prepared. Promethium hydroxide, 
Pm(OH);, which is a light-brown gelatinous precipitate, 
is readily formed with ammonia by neutralization of 
acid promethium solutions. Promethium chloride, 
PmCl;, is produced by treating Pm(OH); with HCl. 
It forms yellow crystals in appearance not unlike those 
of samarium trichloride. Promethium nitrate, Pm- 
(NOs)s, prepared by neutralizing the hydroxide with 
nitric acid, forms pink crystals resembling those of 
neodymium nitrate. 

The atomic weight of promethium has not been de- 
termined either chemically or mass spectrometrically. 

Preliminary observations on the optical emission 
spectrum of Pm have been reported (64), and subse- 
quently arc and spark emission spectra have been re- 
corded photographically using a large diffraction grat- 
ing (101). The wavelengths and intensities of more 
than 2300 lines were determined between the ultra- 
violet (2300 A) and the red (6900 A). It has not yet 
been possible to identify which lines are associated with 
neutral and/or ionized Pm, however. The strongest 
lines, probably arising from Pm*+, have wavelengths 
and intensities as follows: 3998.96 (100), 3957.74 (100), 
3919.09 (100), 3910.26 (100), and 3892.16 (100). No 
ionization potentials have been deduced; the proposed 
electron structure for the gaseous atom is 4f°6s*(*Hy,). 

Measurements of the K- and L- X-ray emission 
spectra of promethium have been reported (102,103). 

The absorption spectrum of PmCl; in an aqueous 
solution has been measured (104, 101) in the visible 
wavelength ranges. The rare-earth character of pro- 
methium is demonstrated unmistakably by the narrow, 
strong bands which occur at wavelengths of 494.5, 548.5, 
568.0, 685.5, and 735.5 mu. The band at 548.5 my 
is free of interferences with either Nd or Sm and shows 
a molar absorbance index of 2300. 

Radiochemical analyses for promethium in fission- 
product mixtures require first an isolation of a rare- 
earth fraction, usually by the precipitation of LaFs, 
followed by an ion-exchange chromatographic separa- 
tion of the Pm. After removal of the organic acid used 
to elute the promethium, an aliquot of solution is evap- 
orated and counted with a flow-type beta proportional 
counter. Care in source preparation is essential be- 
cause of the low energy of the beta particles emitted in 
the decey of Pm?*’. 

Promethium may be determined spectrochemically 
using the aforementioned lines with a sensitivity of 
about one microgram (66). Precaution to reduce errors 
caused by interferences from lines of other rare earths, 
especially Nd and Sm, is essential. 


Uses for Fission-Product Technetium and Promethium 


It seems likely that practical applications of the syn- 
thetic elements technetium and promethium will b: 
based, in the first case, on the unique chemical proper- 
ties and, in the second, on the unique nuclear proper- 
ties of the element. 

Technetium is a low energy, pure beta emitter of ver) 
low specific activity. The nuclear energy it possesse- 
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is not released at # rate sufficient to make the element 
attractive for the conventional applications of radio- 
activity (i.e., thickness gauges, phosphors, etc.). How- 
ever, already one unique chemical property of techne- 
tium has been discovered which may ultimately prove 
directly, or indirectly, to be of widespread usefulness. 
This is the discovery of the remarkable inhibition of the 
corrosion of soft iron in neutral aqueous solutions by 
minute quantities of TcO,— ion (105). Mild carbon 
steels may be protected effectively by as little as 5 ppm 
of technetium (5 X 10-*M KTcO,) in aerated distilled 
water at temperatures up to at least 250°. Specimens 
of steel have now been observed at room temperature 
for over five years with no evidence of attack. In- 
terestingly, and of importance to theories of the mech- 
anisms of corrosion inhibitors, perrhenate ion does not 
inhibit. 

Promethium, although chemically unnoteworthy, is 
rapidly becoming widely used in applications where its 
unique nuclear characteristics are employed. Because 
of its quite high specific activity, Pm is useful as a beta 
source for thickness gauges (106, 107). Possibly of 
more importance are uses in which the nuclear decay 
energy of promethium is converted either into light or 
heat. Its use in the preparation of self-luminous com- 
pounds has been described (108), and a report of its em- 
ployment in the construction of miniature “atomic” 
batteries has appeared (109). The advantage of such 
a battery is its relative temperature independence. It 
will operate with increased efficiency at temperatures to 
—200°F and with about 70% of room temperature 
efficiency at the boiling point of water. 
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Nominations for Dexter Award in the History of Chemistry 


Nominations are being solicited for the 1959 Dexter Award in the history of chemistry adminis- 
tered by the Division of History of Chemistry of the American Chemical Society. The Award 
consists of a suitable plaque and $500. Recipient of the 1958 Award was Miss Eva Armstrong. 


There were 12 other qualified nominees. 


The Award shall be made on the basis of services which have advanced the history of 
chemistry in any of the following ways: by publication of an important book or article; by 
the furtherance of the teaching of the history of chemistry; by significant contributions to 
the bibliography of the history of chemistry; or by meritorious services over a long period of 
time which have resulted in the advancement of the history of chemistry. 


Duplicate copies of all information should be sent to the Secretary of the Division of History 
of Chemistry by March 10, 1959. Information should be as detailed as possible and should in- 
clude outstanding as well as minor contributions of the nominee. The Secretary is: Sidney M. 
Edelstein, Dexter Chemical Corporation, 845 Edgewater Road, Bronx 59, New York. 
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The main questions which come to mind 
when we think of elements 85 and 87 are: Why are 
they so unstable? In what form, if any, do they exist 
in nature? Is there a hope that we shall find longer- 
lived forms in the future? And, do their chemical 
properties correspond with their position in the periodic 
chart? In the space allotted for this paper, we can 
give a rather good answer to these questions although 
it will not be possible to document all statements or to 
provide all the details. 

In the prewar years before we had a well-developed 
systematics of the energetics of nuclear decay many 
investigators pursued the hope that they would be able 
to isolate some chemical fractions from natural minerals 
with the characteristics of a heavy alkali element or a 
heavy halogen which would identify them as candidates 
for the vacant spots 87 and 85 in the periodic chart of 
the elements. From the late 1920’s through the 1930’s 
a number of claims were made and there appeared in 
the literature such names as alkalinium, moldavium, 
and virginium for element 87, and alabamine or helvet- 
ium for element 85. From the vantage point of our 
present more sophisticated knowledge of nuclear stabil- 
ity trends we know that the search for stable or moder- 
ately long-lived isotopes of these elements was fore- 
doomed to failure. 

In the ordinary sense of stability the periodic system 
really ends with the elements lead and bismuth. 
Beyond bismuth only the three isotopes, Th?*?, U?*, 
and U*, are long-lived enough to have lasted through- 
out the geologic eons and even they are present only 
as a sort of cosmic fluke. A slight change in the packing 
fraction curve, a little steeper slope of the mass-energy 
surface, a slightly different dependence of alpha decay 
rate on disintegration energy and they too would be 
missing in nature. In that event the periodic system 
really would have ended with lead and bismuth. Those 
elements lying between bismuth and thorium are pres- 
ent only as those secondary and rather short-lived 
isotopes which are produced by the decay of the primary 
isotopes, Th?*?, U2%, and U2. The search for ele- 
ments 85 and 87 in nature then had to take the form of 
a search for short-lived isotopes in the decay chains 
of these three primary nuclides. Francium and astatine 
can occur naturally only in uranium minerals. 

Figure 1 indicates the general trends in nuclear 
stability in the heavy element region in the form of an 


Presented as part of the Symposium on the New Elements 
before the Division of Chemical Education at the 133rd Meet- 
ing of the American Chemical Society, San Francisco, April, 
1958. Prepared under the auspices of the Atomic Energy 
Commission. 


Astatine and Francium 


idealized sketch of the Mass-Energy Surface. The 
vertical direction is proportional to the atomic mass 
of each nuclide. The atomic number and atomic 
mass coordinates locate the position of each nuclide. 
In general the mass surface takes the form of a trough 
sloping upward toward higher masses and the bottom 
of the trough defines the region of beta stability. The 
steepness of the slope determines the amount of energy 
available for alpha decay. At the very bottom of the 
sketch in the region of lead and bismuth the surface is 
relatively flat and the decay energy for alpha emission is 
very low. However, immediately above lead, in the 
region where the isotopes of francium and astatine are 
expected, the surface is very steep and we must expect 
all the isotopes to have very short half lives. As we 
go to heavier elements the surface levels off somewhat 
and it is in this region that we find Th***, U2*, and U2. 
The general features of nuclear binding which underlie 
the gross changes on this energy surface are rather well 
correlated by the independent particle (shell) model of 
nuclear constitution. According to this model, as 
nuclei are built up by the addition of neutrons and pro- 


Figure 1. Mass-energy surface for the heaviest elements. Atomic masses 
displayed on an idealized mass-energy surface to show general trends in 
nuclear instability. Vertical height is proportional to mass. Coordinates 
in the base plane are atomic number Z and mass number A. 
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tons, there occur favored closed shells of neutrons and 
protons in a way somewhat analogous to the occur- 
rence of especially stable electron configurations in the 
building up of the chemical elements. 

Pb*8 is particularly tightly bound because it con- 
tains closed configurations of 82 protons and 126 
neutrons. The additional nucleons which must be 
added to make nuclides in the region immediately above 
lead are not as firmly bound which accounts for the 
great steepness of the surface in the region of elements 
85 and 87. 


Francium and Astatine in Uranium and Thorium Ores 


Having reached the conclusion that francium and 
astatine must be sought in the radioelements present 
in uranium and thorium ores we immediately run into 
the further difficulty that in all three radioactive series 
the mainline decay drops down through radium, 
radon, and polonium and neatly bypasses elements 
85 and 87. It was only by a very careful search for 
rare products resulting from abnormal branching decay 
that some evidence for these elements was found. 

For example, let us take the case of actinium-K, the 
most famous and most important isotope of francium. 
The history of AcK goes back to 1914 when Meyer, 
Hess, and Paneth (/) reported some alpha-particle 
radiation in purified actinium. This observation was 
subject to considerable doubt over the next two decades 
since it seemed possible that the strange alpha particles 
could be ascribed to traces of protactinium or of actin- 
ium daughters. Mlle. Perey (2) settled the doubts 
conclusively in 1939 by repeated chemical isolation 
from a pure actinium preparation of a 21-minute beta- 
emitter with the expected properties of the eka-cesium 
isotope which the alpha decay of actinium should pro- 
duce. Perey showed that the alpha branching of actin- 
ium was 1.2%. Since this was the first isotope of 
element 87 to be identified, Mlle. Perey earned the 
honor of choosing the name for the element (2). 

In 1953 Albert Ghiorso and the author (3) inves- 
tigated actinium-K further to test whether 
the developing systematics of alpha decay 
energetics and kinetics could really serve 
as a useful guide in predicting the charac- 
ter of unknown medes of decay in heavy 
radio-elements. We estimated that AcK 
itself might undergo branching decay by 
alpha emission to the extent of about 
10-* or less to produce an unknown 
astatine isotope of mass 219. This is 
shown in Figure 2 which indicates how 
these nuclides fit into the actinouranium 
series. Starting with a 20-millicurie source 
of actinium we quickly isolated a pure 
daughter fraction of 21-minute francium, 
then isolated an astatine fraction from the 
francium and examined it for the radia- 
tions of At?!®. We found clear evidence 
for a 0.9-minute alpha-emitting 


ATOMIC 
NUMBER 


tacc) 
052s 68% 


tine isotope one can find in a uranium mineral. The 
alpha particles of AcK were recently observed in nuclear 
emulsion studies by Adloff (4). 


Nuclear Properties of Francium Isotopes 


Let us turn now to a very quick review of the isotopes 
of francium, all of which have been prepared artificially 
by the bombardment of thorium with high energy 
protons. The properties of the isotopes are summarized 
in Table 1. For purposes of orientation it is useful 
to know that Fr?!® is beta stable and is the only beta 
stable isotope of francium. If it were not for alpha 
instability, francium would undoubtedly occur on the 
earth in rather respectable amounts with atomic weight 
219. But Fr? is highly alpha unstable. Two 
hundredths of a second is rather short compared to the 
4.5 billion year age of the earth. From the closed 
decay-energy cycles published in recent years by Glass, 
Thompson, and Seaborg (5), by Huizenga (6), and by 
Foreman and Seaborg (7) we learn that all francium 
isotopes heavier than AcK are beta unstable by at 
least 2 Mev and in most cases by much more, so that it 
must be presumed that they are all short-lived. Fr?” 
is a 15-minute beta-emitter identified by Ghiorso and 
Hyde (8). Fr?*! is a 4.1-minute alpha-emitter which 
appears in the decay chain (9-10) of U?**. Thus it is 
a member of the “4n + 1 series” which is missing in 
nature because no nuclide of the 4n + 1 mass type 
beyond bismuth is sufficiently long-lived to have escaped 
complete decay during the geologic history of the earth. 
It is curious that the 4n + 1 series differs from the three 
other heavy-element families of radioelements in that 
the main line of decay does pass through elements 87 
and 85. Only small samples of the elements can be 
prepared in this way, however, because of the 4.8- 
minute half life of Fr?*! and the 18-millisecond half 
life of At?"". The statement that Fr?*! and At?” and the 
other members of the 4n + 1 s “ies do not appear in 
nature has to be modified somewhat to be strictly 
accurate. Peppard, Mason, Gray, and Mech (1/) 
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formed by a 4 X 10-*% alpha branching 


of AcK. The Bi*" is also a new isotope 
which can be made in no other way. 
This is the only chemical isolation of asta- si 
tine from a natural source although, as 
we shall see later, it is not the only asta- 
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Figure 2. Actinium (4n + 3) series. The actinouranium decay series 
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Table |. Isotopes of Franciums 


Observed mode of 
Isotope decay 


Fr>2% 
Fr2% 


Energy of 


—Total decay energy (Mev)*— 
radiations (Mev) EC 


Half life a 


Large 

3.81 est. 
2.02 est. 
3.09 est. 


1.15 


2.05 0.07 
0.30 


1.27 0.87 
Stable Stable 
0.25 


Unknown 8~ emitters whose estimated decay energies 
Fr2% given to right suggest very short half lives 


Fr2%4 
Fr?*8 (AcK) 


Daughter Ac?” 


Th(p, spallation) 
Daughter Ac** in 
decay chain 

Pa?* decay chain 
Pa?” decay chain 
decay chain 


B- 99+ % 21 min 


) 
a (4 X %) 
15 min 
27.5 sec 


0.02 sec 
5 X 107 sec est. 


8.3 < sec 


Qa 
Unknown a-emitters whose estimated decay energies cor- 


respond to half lives <<1 sec. 


&R 


Pa?* decay chain 0.81 


Estimated decay energy and half life, 6 ~Mev and sec. 


6.411 (37%) 
6.387 (39%) 
6.342 (24%) 
Unknown activities decayi i 


a 56% 
EC 44% 


19.3 min 


ly by a-emission and 


ying 
partly by EC with half lives of few seconds or less. 


* References to the original literature may be found in the Table of Isotopes, by D. Srromincer, J. M. HoLLanper, anv G. T. Sea- 


BorG, Rev. Modern Phys., 30, 585-904 (1958). 
> Decay energies are taken from Ref. (7). 


have proved that tiny amounts of Np?*” and U?* are 
continuously produced in uranium ores by the mecha- 
nism of neutron-induced reactions initiated by neutrons 
from spontaneous fission of uranium or from the action 
of energetic alpha particles on light element impurities 
in the ore. 
U2 Np?* 
6.7 days 


U28(n, 2n) 


Pa233 
23 min 27.4 days 


Th2*? (n, y) Th?*, Th233 


Peppard finds about one part by weight of the 4n + 1 
series per 10!* parts of U?*, Several of the francium 
isotopes listed in the table appear in the decay chains 
of the light mass protactinium isotopes which have been 
so thoroughly investigated by Meinke (12). 

To understand the nuclear characteristics of the 
lightest isotopes of francium we must examine the 
alpha decay energy trends of Figure 3. The expected 
trend for a smooth troughlike mass-energy surface is 
one of increasing alpha disintegration energy with 
decreasing mass number. However, the discontinuity 
in atomic masses which occurs at 126 neutrons causes a 
related discontinuity in the alpha decay energies. 
Below 126 neutrons the isotopes of francium are expected 
to have greatly decreased alpha decay energies and 
greatly increased alpha half lives. The only isotope 
tor which we have firm data is Fr?!* discovered by Hyde, 
(chiorso, and Seaborg (13) some years ago in thorium 
targets bombarded with 200 Mev protons. Fr?” 
Geeays about 50/50 by alpha particle emission and by 
capture of an orbital electron with a net half life of 19 
minutes. This is a striking increase in stability over the 
irancium isotopes a few mass number heavier, but both 
instability and electron capture instability are 
-till too great to allow a long-lived species to exist. 
ther light isotopes of francium have been looked for. 
ailure to find them is consistent with the expectation 
that Fr?!? should be the longest-lived of the light iso- 


topes. We cannot entirely eliminate the possibility 
that some low-lying isomeric state of one of these light 
nuclei may ultimately be found with quantum numbers 
such that all modes of decay are strongly hindered. 
Such an isomer could have a half life appreciably longer 
than the 21-minute half life of AcK. We should be 
able to evaluate this slim possibility more exactly when 
the shell model theorists become more highly skilled 
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ALPHA DISINTEGRATION ENERGY (Mev) 


NEUTRON NUMBER 
128 133 


123 


210 215 220 
MASS NUMBER 

Figure 3. Alpha-disintegrction energy versus mass ber of franci 

isotopes. Experimental data are shown by solid dots. Predictions are 

shown by crosses and dotted lines. 
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in the prediction of nuclear states for nuclei which are 
several nucleons removed from closed shells. At the 
present time we must conclude that 21-minute AcK is 
the longest-lived form of francium we are likely ever to 
see. Francium is the most unstable of the first 101 
elements in the periodic system. The chemistry of 
francium, it goes without saying, can only be studied 
on the tracer level. 


Nuclear Properties of Astatine Isotopes 


Turning now to astatine we recall that astatine was 
first convincingly identified by Corson, MacKenzie, 
and Segré (14) who prepared At*!! by bombarding 
bismuth with helium ions from the Crocker Labora- 
tory 60-inch cyclotron in some experiments reported in 
1940. 


(a, 2n) At?! 


The method of preparation coupled with the distinctive 
chemical properties, which in many particulars are very 
similar to those of iodine, left no doubt as to the atomic 
number of the new alpha activity. These discoverers 
chose the name astatine from the Greek word for “un- 
stable” (18). 

At?" decays 60% by orbital electron capture to Po*!! 
which almost instantaneously decays to stable Pb’. 
At*!! decays 40% by alpha emission to long-lived Bi”. 
Since At*"! is universally used to study the chemistry of 
astatine, I might say a brief additional word about the ra- 
diations. The characteristic alpha spectrum of an At?!! 
sample serves as the “signature” for any bonafide sam- 
ple of At?!!; the 40/60 ratio of the 5.86 Mev alpha parti- 
cles of At?! and the 7.43 Mev alpha particles of Po*! and 
the controlling half life of 7.5 hours for both peaks are 
conclusive proofs of the identity and purity of the stock 
solution. This spectrum can be obtained with a gridded 
ion chamber whose output is subjected to linear ampli- 
fication and pulse height analysis. If the purity of the 


stock solution is assured it is possible to follow the fate 
of astatine through tracer experiments simply by count- 
ing the alpha particles in an alpha counter. However, 
there is some loss of astatine in the evaporation of 
astatine solutions on counting discs and many experi- 
mentalists prefer to count the 80 Kev K—X-rays originat- 
ing in the electron capture branch of the astatine 
decay. For example, Appelman in our laboratory 
places aliquots of the solution to be assayed in a small 
standard glass vial, dilutes the sample to a standard 
volume and inserts the vial in a well-type, sodium 
iodide crystal capped by a second sodium iodide 
crystal. The crystals are attached to photomultiplier 
tubes whose amplified output is put through a pulse 
height selector to register only the pulses from the 80 
Kev X-rays. This 4-pi arrangement works quite 
well. 

Besides At?" the isotopes listed in Table 2 are also 
known. Kelley and Segré (1/6) bombarded bismuth 
with higher energy alpha particles and produced the 
8.3-hour At?” by the (a, 3n) reaction. Using the 184- 
inch cyclotron Barton, Ghiorso, and Perlman (17) 
extended the bismuth bombardment studies to very 
high energies and identified » whole series of short- 
lived isotopes ranging in mass down to At™?, All of 
these isotopes lie below the 126 neutron shell and the 
partial alpha half lives of some of them are quite long. 
At”, for example, has a partial alpha half life of 5.5 
years. However, all of these isotopes are very far to 
the neutron deficient side of beta stability and the elec- 
tron capture decay energies are several Mev. The 
8.3-hour At?” is the longest-lived form of astatine that 
we know. There is a possibility that some isomeric 
form of one of these isotopes will ultimately be dis- 
covered with an appreciably longer half life, but the 
chances of our ever being able to study the chemistry 
of element 85 on other than the tracer scale are negligi- 
ble. 


Table 2. Isotopes of Astatine: 


Isotope Observed mode of decay 


Energy of a radiations 
(Mev) 


Half life 


At< 22 
At< 203 
At™ 
At™ 
At™s 


At™ 


At?10 a (0.17%) 


5.519 (32%) 
EC (99 + %) 


5.437 (31%) 
(37%) 


At?!2(?) 
At?18(?) 
At?!4 
At?§ 
At716 
At? 


At>29 


RF FR FF 


Bi (a, 5n) _ 
Daughter Fr*!? 


Bi (a, 4n) 
Bi (a, 3n) 


o Aw 


Bi (a, 2n) 


Bi (a, n) 
Descendant Pa?*(?) 
Descendant 
Descendant Pa??’ 
Descendant 
Descendant 
Daughter RaA 
Daughter AcK 


~2 X 10~* sec (est.) 
~10~4 sec 

~3 X 104 sec 
0.018 sec 

1.5-2.0 sec 


Unknown 6- emitters with high decay energies and very short half lives. 


* References to the original literature may be found in the Table of Isotopes, by D. SrrominGeEr, J. M. HOLLANDER, AND G. T. SEABORG, 
Rev. Modern Phys., 30, 585-904 (1958). 
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When we look at the isotopes of astatine having more 
than 126 neutrons we find extremely high alpha-instabil- 
ity as in the francium case. This is shown in Figure 4. 
Most of these isotopes are descendants of the neutron 
deficient protactinium isotopes prepared in the high 
energy bombardment of thorium (12). At?!” appears 
in the decay chain of U*** as we have observed earlier. 
The heaviest isotope on which we have data is At?!® the 
daughter of AcK. Isotopes heavier than At?! are 
certainly 8~ unstable with half lives of less than a 
minute. 

At?! is an isotope of some distinction since it was the 
first isotope of astatine to be identified in a natural 
source. Karlik and Bernert (18) in Vienna proved that 
radium-A (Po?!*) undergoes beta branching to the extent 
of 5 X 10-°% to produce 2-second At*"’, an alpha- 
emitter emitting 6.63 Mev alpha particles. This finding 
was confirmed by Walen (79) in France. Karlik and 
Bernert also reported the observation of alpha particles 
which they attributed to the rate beta branching of the 
A-products in the thorium (20) and actinium series (27). 
The beta branching of thorium-A was reported to be 
1.35 X 10-?% and the beta branching of actinium-A was 
reported to be 5 X 10-*%. The first of these claims 
has had to be rejected because of the certain beta 
stability of thorium-A. 

The situation with respect to the natural occurrence 
of astatine may then be summarized as follows: Minute 
amounts of 2-second At?'® and possibly of 10~4-second 
At? occur in uranium ores as a result of rare beta 
branching of the A-products. Minute amounts of 
At?” also occur because of the steady production of 
very small amounts of Np?” and U*** in uranium ores 
through natural neutron processes. The 0.9-minute 
At?!® is present in U?* ore samples because of a very 
slight alpha branching of AcK, which itself is a rare 
product. This At?!* is the only astatine isotope which 
has been isolated chemically from nature and is the 
longest-lived isotope of astatine we are ever likely to 
discover in natural sources. The total amount of 
astatine in the earth’s crust is somewhat less than one 
ounce. 

The beta stability of astatine has been explored by 
the method of closed decay-energy cycles (5-7). The 
conclusion is that all isotopes of astatine are unstable 
toward beta decay processes with the possible excep- 
tion of At? for which the data are inclusive. The 
doubtful point is whether Em?" or At?" is heavier. 


Chemical Properties of Francium and Astatine 


The chemical properties of these elements must of 
necessity be studied in extremely dilute solution. A 
typical concentration for francium solutions is 10—% 
molar. Typical concentrations for astatine solutions 
are 10—" to molar. 

Francium. Our knowledge of francium chemistry is 
due almost entirely to the thesis study of Perey (22, 2). 
Like the lighter alkali elements, francium remains in 
solution when other elements are precipitated as hy- 
droxides, carbonates, fluorides, sulfides, chromates, ete. 
One method of francium purification consists simply 
in the removal of all foreign radioactivities by the suc- 
cessive precipitation of a series of insoluble scavenger 
precipitates following which the radiations of francium 
are sought in the residual solution. Another method 
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Figure 4. Alpha-disintegration energy versus mass number of astatine 
isotopes. Experimental data are shown by solid dots. Predictions are 
shown by crosses and dotted lines. 


consists of the co-precipitation of francium with added 
cesium ion which is removed from solution as the in- 
soluble perchlorate, chloroplatinate, silicotungstate, 
chlorostannate or as some other insoluble alkali salt of 
this general type. Some years ago the author made a 
small contribution to francium chemistry by developing 
a rapid method for the isolation of carrier-free and radio- 
chemically pure francium fractions (23). If you satu- 
rate a francium solution with hydrochloric acid gas, 
chill it, and add a few drops of silicotungstic acid solu- 
tion, the free heteropoly acid will precipitate in the 
absence of cesium carrier and will remove francium 
selectively and quantitatively from solution. The 
precipitate will dissolve instantly in pure water and the 
francium can then be separated quickly from the carrier 
acid by adsorption on a small amount of cation exchange 
resin.! 

Astatine. It is quite a change to turn from the simple 
and straightforward chemistry of francium to the 
highly varied and confusing chemistry of astatine. 
What we know of astatine chemistry comes mainly from 
the discovery paper published by Corson, MacKenzie, 
and Segré (14) in 1940, a postwar paper by Johnson, 
Leininger, and Segré (24), from scraps of information 
gleaned incidentally to some nuclear chemical studies 
of astatine isotopes, and from some recent solvent 
extraction studies of Neumann (25). In addition I get 
some of my information from Evan Appelman (26) who 
is presently working in our laboratory trying to extract 
some quantitative sense from the erratic behavior of 
astatine. I wish to acknowledge his help in the prep- 
aration of the following summary. 


1 Nore AppEDIN Proor: Another recently published method 
for the rapid isolation of francium in a carrier-free condition uses 
the technique of paper chromatography: M. Perey anp J. 
Apuorr, Comptes rendus, 236, 1163 (1953). 
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There are at least four, and possibly more, oxidation 
states of astatine. Strong reducing agents such as 
sulfur dioxide or zinc in acid solution will produce a 
negative state believed to be astatide, At~', because it 
co-precipitates with insoluble iodides such as silver, 
thallous, or lead iodides dropped out of acidic or basic 
solution. If iodine is present, some insoluble triiodide 
will come out of solution removing at the same time any 
astatine in the zero state from solution. This free 
iodine and free astatine can be washed out of the pre- 
cipitate with acetone. Astatide ion is not washed from 
the precipitate by this treatment. The negative state 
of astatine is not extracted by carbon tetrachloride. 
The oxidation potential of the astatide-astatine couple 
at these concentrations is about —0.4 volt. 

The zero oxidation state is characterized by high 
volatility. Astatine is usually isolated from bismuth 
cyclotron targets by melting the bismuth in a closed 
system and distilling the volatile astatine to a nearby 
cooled metallic surface. It can be re-distilled at much 


lower temperatures. Astatine vapor is adsorbed. 
strongly by some metallic surfaces such as silver, gold,” 


and platinum and weakly by others such as nickel and 
copper. It evaporates slowly from most metallic sur- 
faces at room temperature and fairly rapidly from glass. 
The retention of astatine upon various surfaces when 
evaporated from aqueous solution varies depending 
on the nature of the surface, the composition of the 
aqueous solution, and the conditions of the evaporation 
but these volatility losses are not as high as would be 
the case for iodine solutions. 

The zero oxidation state resembles iodine in its high 
extractability into organic solvents of which two groups 
can be distinguished. The first includes carbon tetra- 
chloride, benzene, and the hydrocarbons. The second 
includes ethers, tributyl phosphate, and other oxygen- 
ated solvents. The high extractability of astatine into 
organic solvents provides us in principle with an excel- 
lent means for getting quantitative information on 
astatine chemistry. By observing changes in extraction 
coefficients with astatine concentration, with acidity, 
with concentration of possible complexing agents, or 
with oxidation-reduction conditions one should be able 
to specify the formula of the extracted species, the ex- 
tent of complexing, and the oxidation potentials. In 
practice, only crude estimates of these quantities have 
been forthcoming because of the difficulty of getting 
reproducibie, non-drifting results. The general char- 
acteristic of solvent extraction studies is that the nom- 
inal distribution coefficients achieved when a dilute acid 
solution is repeatedly put in contact with solvent drop 
quickly to a very low value while the K, for the re- 
peated backwashing of the first solvent fraction rises 
steadily toward some limiting value of perhaps 50-100 
which is not well reproduced with a new stock solution 
of astatine. Under these handicaps only large changes 
in distribution coefficients are meaningful. 

It is interesting to note in this regard that experi- 
mentalists (27-29) who have used radioactive isotopes 
of iodine to study solvent extraction behavior at con- 
centrations as low as 10~? molar get lower distribution 
coefficients than would be expected from the behavior 
of macro quantities of iodine. Furthermore as Kahn 
and Wahl have shown, several unidentified iodine species 
are formed which do not correspond to the ionic species 
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of iodine known in solutions of normal concentration. 
At extremely low concentrations such reactive elements 
as iodine or astatine may undergo significant reactions 
with trace impurities, with colloidal particles or with 
impurities in the solvent. 

Astatine can be removed from the solvent phase by 
contacting the solvent with an alkaline solution. Again 
this behavior parallels that of iodine. When the 
aqueous phase is loaded with chloride, bromide, or 
iodide ion the extractability into solvents of the car- 
bontetrachloride type drops to a low value while that 
for the oxygenated solvents such as di-isopropyl ether 
remains high. From 8 M HCl, for example, 90% of 
the astatine is extracted into ether. Neumann reasons 
from analogy to ICl,~ and IC~ that the extracting 
species is probably AtCl,— or AtCl~. In complexes 
of this nature astatine has the oxidation state (I) or 
(III). Whatever may be the true nature of the astatine 
in the extracting chlorocomplex, the fact of the extrac- 
tion finds useful application in the isolation of astatine 
from bismuth targets. 

If astatine is treated with the strongest oxidizing 
agents such as hot peroxydisulfate, periodic acid, 
hypochlorous acid, ceric ion, or sodium bismuthate it 
is converted to a form which co-precipitates with in- 
soluble silver iodate, lead iodate, or barium iodate. 
The astatine is presumed also to be in the comparable 
astatate state. Appelman oxidized astatine as vigor- 
ously as he could with the reagents listed above, then 
precipitated in turn potassium periodate and barium 
iodate. No astatine appeared with the potassium 
periodate; all of it subsequently precipitated with the 
barium iodate. 

Less powerful oxidizing agents such as vanadate ion, 
bromine, chlorine, or potassium dichromate will oxidize 
astatine to an intermediate oxidation state character- 
ized by non-extractability into carbon tetrachloride and 
by inability to co-precipitate with insoluble iodates. 
Very little else is known about this state. 

There is a considerable amount of co-precipitation 
data which applies to the lowest oxidation states. 
Astatine co-precipitates quantitatively with insoluble 
sulfides precipitated from strong hydrochloric acid. 
It is completely carried by tellurium metal thrown out 
of acid solution by the action of sulfur dioxide, zinc, 
or other strong reducing agents. Astatine is carried 
only partially by insoluble hydroxides. Astatine will 
deposit from dilute nitric acid solution on such surfaces 
as copper, bismuth, and silver. In this respect it closely 
resembles its neighboring element, polonium. 

No review of the properties of astatine would be 
complete without a mention of its highly specilic 
biological behavior. In 1940 Hamilton and Soley 
(30, 31) compared the metabolism of radioiodine and 
astatine and demonstrated that both accumulated in 
the thyroid gland. Later work showed that relatively 
small amounts of astatine were capable of provoking 
profound changes in thyroid tissue without inducing 
any noticeable alterations of structure in the para- 
thyroid gland or other peritrachial tissues. Astatine 
is superior to radioiodine for destruction of abnormal! 
thyroid tissue because the alpha particles dissipate 
5.9 Mev within a range of 70 microns of tissue, whereas 
the much weaker beta rays of radioiodine have a max- 
imum range of approximately 2000 microns in tissue. 
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Detailed investigations have been made in guinea pigs, 
rats, and monkeys (32); the treatment of hyperthy- 
roidism in humans by astatine treatment has been 


(10) Hagemann, F., et av., Phys. Rev., 72, 252 (1947). 
(11) Perparp, D. F, ET AL., J. Am. Chem. "Soc., 74, 6081 (1952). 
(12) Mernxg, W. W. , ET AL., Phys. Rev., 81, 782 (1951). 
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a and plutonium occupy a 
unique place among the chemical elements. Neptu- 
nium was the first of the transuranium elements 
to be discovered (1). The Np?® isotope, found by 
MeMillen and Abelson, is the precursor of Pu, the 
plutonium isotope of such great importance in the 
atomic energy field. The first plutonium isotope to be 
discovered, Pu?*, was produced in 1940 by Seaborg, 
MeMillen, Kennedy, and Wahl (2). The principal 
isotopes of chemical interest are the a-emitters, 
Np?” (8) = 2.2 10°y) and Pu?® (ti, = 24, 
360y). Since these early discoveries the chemistry 
of these elements has been intensively investigated. 
Plutonium, in particular, can be classed among those 
elements whose chemistry is well understood. The 
amount of information available precludes any complete 
discussion in a short review. The present summary is 
therefore confined to a consideration of only the salient 
features of the chemistry of these elements with par- 
ticular reference to the more recent literature. For 
more extensive discussions and further literature, 
reference should be made to various reviews (4-8). 


Chemistry of the Solid State 


There is a large amount of information available 
on the solid compounds of neptunium and plutonium. 
Examination of the literature reveals much of the 
data rests on the pioneer microchemical preparations 
of Fried and his co-workers and on the X-ray identi- 
fications of Zachariasen. Reference to this work will 
be found in the reviews cited (6-8). 

Some aspects of the chemistry of the more important 
solid compounds are summarized in the following 
paragraphs. 

The Metallic State. Both Np® and Pu?® are silvery 
white, reactive metals. Np® is prepared by the 
reduction of NpF; or NpF, with Ba® at 1200°C. 
Pu® can be similarly prepared by reduction of PuF; 
with Ca®. Plutonium metal deserves special mention 
because of its unique properties. It is known to exist 
in six allotropic forms below the melting point (639°C). 
Some of the physical properties are given in Table 1. 
Particularly interesting and puzzling are the contrac- 
tions which the delta and delta-prime phases undergo 
with increasing temperature. Also noteworthy is the 
fact that for no phase do both the coefficient of thermal 
expansion and temperature coefficient of resistivity 


Presented as part of the Symposium on the New Elements before 
the Division of Chemical Education at the 133rd Meeting of 
the American Chemical Society, San Francisco, April, 1958. 
Based on work performed under the auspices of the U. S. Atomic 
Energy Commission. 
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Neptunium and Plutonium 


have the conventional sign. If the phase expands on 
heating, the resistance decreases. 

Much less is known about Np®. It has two and 
possibly three allotropic modifications below its melting 
point (648°C). Its density is variable between 18 
and 20.45 g/ce. 


Table 1. Some Properties of Plutonium Metal (9) 


Linear _Resistiv- 
Temp. expansion ity, 
of phase coeffi- p X 10° 
Density, transi- cient,* (ohm- _resistiv- 
Phase g/cc tion a X 10° em) ity’ 
a 19.816 50.8 145 
22 
17.65 38.0 110.5 


17.19 : 110 
17.14 


15.92 A 103 
5’ 16.00 105 
€ 16.48 114 


Liquid 16.5 
1 AL 


L* aT 
1 dp 
4 
x 105 


The Oxides. The common oxides are NpO, and 
PuO,. They are formed by ignition of the hydroxides, 
oxalates, peroxides, nitrates, etc., of any oxidation 
state of these elements. A careful examination of the 
properties of PuO, prepared from different sources 
has been made (10). It has been found that oxide 
prepared by ignition at 1200° is stoichiometric. If 
prepared by ignition of plutonium salts at 870°, the 
molecular formula varies from PuOe2.9—PuO>.99, depend- 
ing on the starting material. Low temperature ig- 
nition of different compounds also results in material 
differing in color and physical appearance. 

No higher oxides of plutonium are known. Nep- 
tunium is intermediate in behavior between uranium 
and plutonium, having an oxide Np;O;, isomorphous 
with but no oxide corresponding to UO;. Np;0, 
is only formed under special conditions, e.g., by the 
action of dinitrogen tetroxide on neptunium(IV) and 
(V) compounds, (tf = 421°C), or by the ignition of 
neptunium(V) hydroxy compounds at low temperature 
(275-425°C). A lower plutonium oxide, Pu,O;, is 
known. This appears to be a phase of variable com- 
position with a possible upper limit of Pu,O;. 


T 
com 
kno 
com 
illus 
the 
Pra 
For 
the 
(11) 
Tab! 

Temp. 
T 
203 can 

319 

+7 

+45 

50 
high 
T 
and 
inve 
the 
hex 
are 
trao 
sum 
fluo) 
urar 
vert 
mak 
> Colo 
Colo 
Melt 
Loili 
Vapc 
mi 
14 a ] 
(76), 
T 
| met! 


The Halides. One of the most important classes of 
compounds of these elements is the halides. The 
known halides are given in Table 2. Shown for 
comparison are the halides of uranium. This table 
illustrates the decreasing stability of compounds of 
the higher metal oxidation states with the heavier 
halides as one progresses from uranium to plutonium. 
Practical use can be made of the stability differences. 
For example, a separation process has been based on 
the sublimation of NpCl, from the less volatile PuCl, 
(11). 


Table 2. Halides of Uranium, Neptunium, and Plutonium 


Metal oxidation state 
+4 +5 


Typical preparative conditions for the fluorides 
can be illustrated by the equations for the formation 
of the neptunium salts. 

500°C 
NpO: + '/2H: + 3HF ———> NpF; + 2H:0 (1) 


500 
NpF; + !/.02. + HF ——— NpF, + '/:H,0 (2) 
500°C 
NpF, + F. ——— (3) 

The analogous plutonium compounds require slightly 
higher temperatures for their preparation. 

The hexafluorides are of particular chemical interest 
and have been the subject of much recent experimental 
investigation (12-16). Like the higher fluorides of 
the transition elements, e.g., MoFs and WF%, the 
hexafluorides of uranium, neptunium, and plutonium 
are low melting, low boiling compounds of ex- 
traordinary volatility. Their physical properties are 
summarized in Table 3. The strength of the hexa- 
fluorides as fluorinating agents appears to increase from 
uranium to plutonium, PuF, being capable of con- 
verting BrF; to BrF while BrF; can be employed to 
make UF, from uranium compounds. 


Table 3. Physical Characteristics of Hexafivorides« 


Property UF. NpF; PuFs 


Color (solid) White poem a Dark brown 
Color (gas) Colorless Colorless Brown 
Melting point (°C) 64 54.4 50.8 

- soiling point (°C) 56.5 55.2 


Vapor — (25°C), 
111.9 126.8 104.9 


| a Date courtesy, J. G. Malm, B. Weinstock, and E. E. Weaver 


The other halides are prepared by a variety of 
methods. NpCl can be made by treatment of the 


dioxide with CCl at 500°C. Treatment of PuO, 
with powerful halogenating agents such as CCk, 
PCl;, and SCl, yields PuCl;. NpBr, is prepared by 
treatment of the dioxide with AIBr; (300—~400°C). 
With excess Al°, the tribromide is produced. Npl; 
is similarly obtained with AlI;. PuBr; and Pul; 
are conveniently made by the action of the anhydrous 
gases, HBr and HI on Pr’. 

Various oxyhalides are known but their properties 
have not received recent attention. 

Other Compounds. There are a large number of 
other compounds known, e.g., hydrides, sulfides, 
carbides, silicides, nitrides, etc, (6, 7, 8). Most of 
these have not been investigated in detail. In par- 
ticular, conditions for the preparation of a relatively 
pure single phase have not been determined. Some 
recent work has been done on the carbides (17). These 
are of interest because of their refractory nature. 
The conditions for the preparation of the carbides 
are: 

1000°C 
Pue + C ——— PuC (4) 


1800°C 
PuO, + 3C ———> PuC + 2CO (5) 


1850°C 
2Pu0, + 70 ——— Pu:C; + 4CO (6) 


Both PuC (mp 1850°) and Pu.C; (mp 1900°) are 
reactive, easily hydrolyzed compounds. There is 
some evidence for a higher carbide. Although the 
analogous neptunium compounds, NPC., Np.C;, and 
NpC have been reported, little is known of their 
properties. 

In addition to those compounds prepared by vacuum 
line techniques, there are a large number of com- 
pounds that have been prepared from solutions. The 
most important of these are given in Table 4. It is of 
interest to note that no neptunium(IIT) compounds 
are listed. This is due to the fact that Np(IID is 
unstable with respect to air oxidation. Undoubtedly 
such compounds could be prepared by suitable tech- 
niques. 


Table 4. Some Insoluble Inorganic Compounds of Nep- 
tunium and Plutonium Precipitated from Aqueous Solution 


-Oxidation state— 
+4 +5 +6 


NH,MF; OH)- NaMO-- 
(C:H;0:) 
M(OH),-; KPu0.CO, 
Np0.(C:0,H) 
3/4 4 
2H.0 
XH,O 
M(C;0,)2- 
6H,0 


NaNp:0,-H,0 


* M is either neptunium or plutonium. 


Chemistry in Aqueous Solution 


Various aspects of the solution chemistry of these 
elements have received attention in recent years. 
More precise values of the formal oxidation potentials 
have been obtained. A limited number of quanti- 
tative investigations of complex ion equilibria have 
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: 
6 
+3 
UF; UF, UF; UF. Se 
NpF; NpF, NpFs 
PuF; PuF, PuF; 
UC); UCL UCI; 
NpCl; NpCl, 
NpBr; pBry 
PuPO,-0.5H,0 
Pus(C:0,)s: 
: 


been reported. In particular, the field under most 
active investigation at the present time is the study 
of the reaction kinetics of these elements. The present 
discussion will be confined to these more fundamental 
aspects of the solution chemistry. For extensive 
discussion and review of various separations and 
purification methods for these two elements reference 
should be made to other sources (8, 11, 18, 19). 

The Oxidation States. Both neptunium and plu- 
tonium have oxidation states of +3, +4, +5, and +6 
in aqueous solution. The ions are of varying stability 
as indicated by the values of the formal oxidation 
potentials for 1 M HC!0,. 


Formal Oxidation Potentials of Neptunium Couples in 1 M 
HCIO, (20) 


Np* 1.83 Np** —0.155 Np+# —0.739 NpO,+ —1.137 NpO.*+ 


—0.938 
—0.677 
Formal Oxidation Potentials of Plutonium Couples in 1 M 
HCIO, (21) 
Pu® 2.03 Put? —0.9818 —1.1721 PuO.+ —0.9133 PuO,++ 
—1.0224 


Examination of these potential schemes reveals 
the following features of interest: One is the highly 
electropositive nature of the metals. A second is 
the stability of the neptunium(V) state. Another is 
the separation of the potentials for the different oxida- 
tion states of neptunium. In contrast, examination 
of the plutonium potentials reveals that Put*, Put‘, 
and PuO,++ can co-exist in 1 HC1O,. Furthermore, 
although unstable in 1 M HClOy, PuO.+ becomes 
increasingly stable as the acidity decreases because of 
the strong hydrogen ion dependence of the couples. 
Conditions therefore exist for the stabilization of all 
four oxidation states in solution. 

Although various reagents (4, 7) can be employed 
in the preparation of the oxidation states of these two 
elements for chemical study, special mention should 
be made of the controlled potential electrolytic tech- 
nique. This has been found particularly useful since 
solutions of a single oxidation state can be made 
without the introduction of extraneous reagents (22). 

Solutions of the different oxidation states of these 
elements have characteristic absorption spectra of 
varying degrees of complexity. Surprisingly, complete 
spectra covering the wavelength region from 0.2 to 
1.85 microns are only available for neptunium (23, 24). 
They have been of great analytical value in studies 
of equilibria, complex ion formation, and reaction 
kinetics. Attempts have also been made to analyze 
the spectra in terms of ‘he electronic configurations 
(25, 26). 

Hydrolysis and Complex Ion Formation. Hydrolysis 
and complex ion formation can have a marked effect 
on the relative stabilities of the different oxidation 
states. Despite the importance of these phenomena 
they have received relatively little recent attention. 
The general hydrolytic behavior of these elements 
has been reviewed by Kraus (27). Approximate 
hydrolysis constants based on the assumption of the 
formation of monomeric hydrolysis - products are 
given in Table 5. The heat of the plutonium(IV) 
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Table 5. Hydrolysis Reactions of Neptunium and Plu- 
tonium at 25°C (ClO,— Medium) 


Reaction Ki Conditions 
Put? + H.O=— PuOH*+?+H+t 7.5¥ 10% yw =0.07 
Pu+4 + H.O = PuOH*+?+H+ 0.054¢ =2.0 
— + H.O = NpO.OH + 
9X 107° =3 X 10-3 
Pu0,+ + H.O = PuO.0H + 
Ht 3 X 10-” w=3 X 10-3 


PuO,.++ + H,O = + 
1.95 X » = 1.0 


* AH = 13.3 kcal mole~!, AS = 19 cal deg—! mole (28). 


reaction has been measured (28). Polymerization 
processes are extremely important but little information 
exists (27). Plutonium(IV) has been reported to 
form soluble polymers with molecular weights as 
high as 10" (29). 

There are also comparatively few systems for which 
quantitative information on complex ion formation is 
extant. Qualitatively, it is known that univalent 
anions with the exception of fluoride form relatively 
weak complexes with the ions of all oxidation states. 
Higher valent anions are known to form relatively 
strong complexes. An example is sulfate, which 
complexes neptunium(IV) and (VI) ions strongly 
enough to make the Np(V) states unstable with respect 
to disproportionation. The magnitude of the associa- 
tion constants for sulfate complexes of the +4 states 
of neptunium and plutonium are given in Table 6. 


Table 6. The Sulfate Complexes of Neptunium(IV) and 


Plutonium(IV) 
Assoc. Assoc. 
constant constant? 
Reaction (M = Np)? (M = Pu) 
M*4 + HSO, = MSO,+*+ + H+ 270 740 
MSO,++ + HSO, = + 
H+ 1l 60 


M(S0,)2 + HSO.~ = 
M(SO,);" + 5 


@ In presence of 2 M ClO,~ (30). 
> In presence of 2.3 M Cl~ (31). 
Qualitatively, it is also known that the relative 


stabilities of complexes of a given anion decrease in the 
order 


Mt4 > Mts > MO,++ > MO,.+ 


The only quantitative data illustrating this point 
have been obtained from a combination of spectro- 
photometric and potentiometric observations (32-34). 
These are given in Table 7. 


Table 7. The Chloride Complexes of Plutonium, t = 25°C 


Assoc. 
Reaction constant 
+ Cl- = PuCl*? 0.91 
Put + Cl- = PuCl*3 2.10 
Pud.+ + Cl = PuO.Cl 0.67 
+ Cl- = PuO.Cl*+ 0.73 


Other available data on the complexity constants are given i 
references 5, 7, and 8. 


Equilibria and Kinetics. It is of obvious concer: 
how rapidly mixtures of ions of different oxidatio: 
states of neptunium and plutonium approach th> 
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equilibria determined by their oxidation potentials. 
The principal neptunium reactions of interest are 
the Np(IV) + Np(VI) — 2Np(V) reaction and the 
Np(IIT) + Np(V) — 2Np(IV) reaction. The principal 
plutonium reactions are the disproportionation reaction 
of plutonium(IV) and the reactions leading to equilib- 
rium between all four oxidation states. The funda- 
mental information on these reactions is summarized 
in the following paragraphs. Additional information 
on activation energies, etc., may be obtained from the 
original papers. 

In perchlorate solution the equilibrium 


K 
Np* + NpO.++ + 2H,0 = 2NpO:++4H+ (7) 


lies far to the right. At 25° in 1 M HClO, K = 5.45 

x 108 The rate of formation of Np(V) is slow. 

The form of the rate law 

(8) 


indicates that the mechanism is complex (35). At 
ionic strength (u) = 2.2 and 25°, k = 4.27 x 107? 
M sec and ky = 5.04 X 10- As a conse- 
quence of the formation of sulfate complex ion, the 
equilibrium in reaction (7) is shifted so that both 
forward and reverse rates can be measured. The 
data on the kinetics have been interpreted in terms 
of reactions involving sulfate complex ions of Np(IV) 
and Np(VI) (35). Examination of the potential 
diagram shows that the formation of Np(IV) is also 
highly favored according to the equilibrium 


K 
NpO.+ + Np+? + 4H+ = 2Np*4 + 2H.0 (9) 


In 1 M HClO, at 21°C, K = 10". The forward reaction 
israpid ($6). The rate law for the forward reaction is 


Table 8. Other Reactions of Neptunium and Plutonium fons at 25°C 


at 0°C, w = 2.0, ki = 43.3 M-* sec (36). 

One of the most important reactions involved in the 
establishment of equilibrium: in solution of plutonium 
is the disproportionation reaction of plutonium(IV) 
(37-40). The equilibrium is 


K: 
3Pu** + 2Pu*? + PuO.+++4H+* (11) 
at 25°C, in 1 M HClO, K, = 84 X 10-*. Kinetic 
studies indicate that the fundamental mechanism 
involves the formation of Pu(IIT) and Pu(V) according 
to the equation 


k 

2Pu(IV) == + Pu(V) (slow) (12) 
| 

However, because of the maintainence of the equilib- 

rium involving all four oxidation states 


+ PuO.+ == Pu,++ + Put? (13) 
the rate law assume the form 


_ _ 3k [Pu**]? 3k, 
dt i{[Pu**] 
The rate of the reverse reaction (12) can be determined 
from the relation (k-1)/K2 = hki/Ky. At 25°C, 
= 1.0in ClO,-, Ki = 8.4 X 10-3, K, = 13 andh; = 
3.4 X 10-* M* sec. The rate of disproportionation is 
increased in chloride solution. 

The rate of attainment of equilibrium in reaction (13) 
has been measured. Kinetic data on this and other 
recently investigated reactions of neptunium and 
plutonium are given in Tables 8 and 9. The following 
comments can be made about the reactions listed in 
these tables. Although plutonium(V) disappears pri- 
marily by the reverse of reaction (12), at low con- 
centrations of Pu(IIT) it is possible to observe the 
disproportionation reaction of Pu(V)._ Finetically 
the reaction is similar to the disproportionation of 


U(V). 


(14) 


Form of Specific rate - Refer- 
Reaction kinetic equation constant, sec ~! Conditions ence 
2Np(V) Np(IV Np(VI N +}2{k, [HSO,- ki = 4.3 X 10-3? M-? p = 2.2, (35) 
Np(IV) + Np(VI)—2Np(V) = ko[Np +4] [N ++) (H+t+]-2 + = 4.48 107 p= 2.2, 
{k3([H*]- 4 k,(H*]- 3} Ag 
2Pu(V) Pu(IV) + Pu(VI) k = 3.6 X = 1.0, (41) 
Pu(1IT) + Pu( VI) > 
Pu(IV) + Pu(V) k[Put?][PuO.+*] k =1.3M" 3°C ClO,- (42) 
Pu(III) + O02 — Pu(IV) ky (PuSO; + ky =5.5X107°M- atm» = 2, HSO.- (43) 
NpO.++ —a—>N + k[= Np] k =3.1 X 10-* sec™ nw = 1.0, (44) 
Pud.++ — Put4 — a—~ Put? Pul k =1.7 X 1077 eq sec™ = 1.0, (37, 38) 


Table 9. Exchange Reactions in Perchlorate Solution 


Specific rate oe Refer- 

Reaction Rate law constants sec™! Conditions ence 
Np*0.+ — NpO,++ 73.5 4.5°, = 3.0 (45) 
Np*0O.+ — 15 M-? 4.5°, = 3.0 (45) 
Np*0.+ — NpO.Cl+ 330 4.8°, w = 3.0, Cl- (45) 
Np*0.+ — NpOCk 160 4.8°, = 3.0, Cl- (45) 
Putts — +4 20 M-! 25°C, a= 2.0 (46) 
Pu*+3 — PuOHt k(Put*]([PuOH 2.0 X 10-* 25°C, » = 2.0 (46) 
Np*+4 — NpO.*+ I [NpO,* 1.10 X 10* M- 25°C, w = 1.2 (47) 

* 6.45 10°§ M 25°C, » = 1.2 


| 
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Despite the fact that the lower states of neptunium 
and plutonium are unstable with respect to oxidation 
by air the only reaction thus far measured is the oxida- 
tion of Pu(III) in sulfate solution. In this case the 
reaction intermediate appears to involve sulfate ions. 

A special kind of reaction that occurs for these 
elements is that induced by the reaction the a-particles 
on the aqueous solutions (Table 9). For neptunium, 
reduction has not been observed to proceed past the 
+5 state (44). For plutonium the maintenance of 
the various equilibria already discussed results in the 
gradual lowering of the average oxidation number 
in the solution (37). The final steady state is Pu(III) 
with a small concentration of Pu(IV). 

Finally, a number of exchange reactions have been 
investigated (Table 9). Examination of the data 
shows that, with the exception of the Np(IV)—Np(IV) 
exchange, all of the reactions are rapid. In addition 
to their yeneral kinetic interest, information on these 
reactions is of practical concern in the proper design 
of tracer experiments. 
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Thomas K. Keenan 


Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 


Annericium and curium are two com- 
pletely man-made elements, having atomic numbers 95 
and 96, respectively. Their existence was unknown 15 
years ago and their existence was hardly imagined as 
little as 20 years ago. They were formed in the 
reactors which were built to produce plutonium during 
World War II. Americium, the next element after 
plutonium, is formed by the series of nuclear reactions: 


Pu?3* + neutron Pu?” 


+ neutron Pu*! 


Pu*4! Am?41 
13.2 years 


Am?*41 
458 years 

As plutonium is created in a reactor, the most common 
isotope is that of mass 239. However, this isotope 
can also capture a neutron turning itself into plutonium- 
240 which in turn captures a second neutron to form 
plutonium-241. While all of these plutonium isotopes 
are radioactive and disintegrate themselves, it so 
happens that plutonium-241 (which disintegrates with 
a 13.2 year half life) is the only one that disappears at 
any noticeable rate. Both plutonium-239 and pluto- 
nium-240 have half lives of thousands of years so that 
they will not disappear within any reasonable time. 
Plutonium-241 emits a beta particle to transform itself 
into americium-241. Americium of mass 241, which is 
formed as a result of all of these processes, has a half 
life of 458 years (1,2). 

As a result of such transformations, americium was 
first detected in 1944 by Seaborg, James, and Morgan 
(3). As with most other synthetic elements, the first 
discovery was made by using tracer techniques where 
perhaps only a few billion of the atoms concerned were 
available for study. It was almost a year following the 
discovery that a weighable quantity, a few micrograms, 
was isolated by B. B. Cunningham (4). The avail- 
ability of americium has increased from this rather 
modest beginning to quantities of the order of grams. 
In fact, some papers recently appeared which described 
the isolation of 4.5 g of americium (6, 6). However, 
it could hardly be said that there are plentiful amounts 
of americium available. Probably less than half a 
pound exists today in the whole world, both inside and 
outside the Iron Curtain. 

Curium, element number 96, was discovered also in 
1944 by Seaborg, James, and Ghiorso (7). It was first 
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Americium and Curium 


produced by bombarding plutonium-239 with cyclotron- 
accelerated helium nuclei. After such a particle enters 
the plutonium nucleus, a neutron is “boiled” off so 
that one is left with the mass 242 isotope of curium. 

The second method of producing curium-242, in- 
volving the neutron bombardment of americium, is 
the more customary method employed today. Because 
its short half life prevents any significant buildup, prob- 
ably not over one ounce of curium-242 is in existence 
today. 


1. + a(He**) Cm*? + neutron 
Am*! + neutron — Am?42" 


16.0 hours 


Cm?242 Pu28 
162.7 days 


Therefore, because large quantities of either element 
have not been available in any one laboratory, ameri- 
cium and curium chemistry has generally been carried 
out on the micro scale. It is quite common to do fairly 
elaborate experiments on a few hundred micrograms of 
americium or curium. Whole new techniques of micro- 
chemistry were developed for experimentation with such 
elements. 

Since it is possible, electronically, to detect and record 
a single alpha disintegration event, the problem of 
analysis in this type of chemistry is greatly simplified. 
One can easily determine amounts of americium and 
curium of the order of 10~—" g by counting techniques. 


The Chemistry of Americium 


Americium is known in the formal valence states of (0), 
(IIT), (IV), (V), and (VI), but only americium(ITT), (V), 
and (VI) have been isolated in solution. Americium 
metal has been prepared as shown in Table 1 by the 
reduction of americium trifluoride with barium metal 
vapor at 1100—-1200° in vacuum (8, 9). Some thermal 
data are also shown such as the vapor pressure of the 
metal at 1000° (10). The heat of reaction of americium 
metal in hydrochloric acid at infinite dilution is — 163.2 


kcal/mole (9). Using this value, with some estimates 


for the entropy changes for such a reaction, the formal 
potential of the metal versus the trivalent ion is esti- 
mated as +2.32 volts (9). The metal reacts with excess 
oxygen to form AmO, while with a minimum of oxygen, 
AmO is formed (1/1). Americium also reacts with a 
minimum of hydrogen to form Am#, (11). These 
latter compounds, AmO and AmHp, have been shown 
to contain metallic and not ionic americium and, there- 
fore, should not be construed as evidence for di- 
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Table 1. Reactions of Americium Metal 


AmF; + Barium————-————> Am(c) 
1100—1200°C 

Am vapor pressure 1000°C, 1.7 X 10-? mm Hg 

Am aq) t?; AH = —163.2 kcal 


Amc) = AMcaqt? + 3e7, Ey? = +2.32 volts 


O; (minimum) 


Am (c) AmO (presence of Am metal) 


valency in americium (/2). When the fact became 
established that the actinide elements were counter 
parts of the lanthanide elements, one of the apparent 
anomalies was the failure of americium to form a 
divalent state. Americium is the homologue of euro- 
pium which does have a readily attained divalent 
state, and some of the early tracer work on americium 
did give certain indications of divalency (13). How- 
ever, later work with macro amounts gave only nega- 
tive results. Table 2 shows the results of such experi- 
ments in more detail. Under conditions where the 


Table 2. Reactions of Analogous Elements Not Observed 
in American Chemistry to Yield Am(II) 


SmCl,; + AmCl; + H: = no reduction 
Hg cathode 
HC.H;02 — H.SO, 
Hg cathode 
— 
Hg cathode 
HC.HLO, — HAO. (no color change; no ppt.) 


Am (amalgam) + H,SO, + (NH,4)2SO, = Am** (pink soln.; 
no ppt.) 


> SmSO, (red) | 


+ en 


> YbSO, (green) | 


+ 


+ e7 
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Figure 1. Absorption spectrum of aqueous Am(Ill) 
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appropriate rare earth elements form divalent states 
quantitatively, equally strenuous efforts produced no 
reduction product of americium (1/). 

The trivalent state of americium is the common one 
in aqueous solution. The characteristic color of tr- 
valent americium ion is light pink, changing to yellow «s 
the concentration approaches 0.1 f. The absorption 
spectrum of trivalent americium in dilute perchloric 
acid is shown in Figure 1 (14,16). Trivalent americiuia 
has a very sharp absorption peak at 5027.A. Since 
this absorption lies in the visible green portion of the 
spectrum, essentially no green light is passed by a 
solution of trivalent americium. The remaining colo:s 
mix to form the typical pink of americium. 

Most of the work involving separations of americiuin 
has been done with the americium in the trivalent state, 
therefore some of these techniques will be briefly men- 
tioned. Some simple combination of oxidation-reduc- 
tion or precipitation will usually suffice for separations 
from only one or two contaminants at essentially the 
same concentration. However, one usually has io 
consider the problem of separation of americium from 
large quantities of other elements. The use of ion ex- 
change columns has proved particularly valuable in this 
regard. A great many separations have been carried 
out using such columns, among which should be men- 
tioned the use of buffered citric acid, saturated hydro- 
chloric acid or alpha-hydroxy butyric acid as eluant from 
cation resin (1/6). A rather novel column operation 
technique was recently reported which involved the 
use of 4-5 f ammonium thiocyanate solutions as 
eluant for americium from anion exchange columns. 
This method was very effective in separating gram 
amounts of americium from several hundred times as 
much rare earth impurity (6). Solvent extraction tech- 
niques have been used for purification of americium 
but not as extensively as ion exchange operations. 

Tetravalent americium is known only in the solid. 
No direct evidence for its existence in acid solution has 
ever been obtained. Americium dioxide is obtained as 
the result of the ignition of almost any trivalent com- 
pound. When either AmO, or AmF; is treated with 
fluorine gas at one atmosphere, solid AmF, results. A 
temperature of at least 300° is apparently necessary for 
the reaction with fluorine to go to completion within a 
few hours (17). The spectrum of AmF, was recently 
obtained using a Cary spectrophotometer and thin lay- 
ers of the AmF, compound (18). This spectrum is 
shown in Figure 2. The standard (H+ = 1 f) formal 
electrode potential for the oxidation of Am*+*(aq) to 
Amt+#(aq) is —2.44 volts (19). Therefore, from an 
examination of the potential scheme for americium in 
acid solution, it seems likely that tetravalent americiuin 
could oxidize water or undergo disproportionation which 
precludes its existence in acidic media. The potential 
of the basic couple Am(OH); + OH- — Am(OH), 
+ e-, has been erroneously reported as +0.4 volt (20). 
This value has been carried over into other standard 
texts (21). It appears that a negative potential of 
ca. —0.4 to —0.5 volt is more accurate and chemical|y 
reasonable (22). Clear-cut evidence has recently been 
obtained that it is possible to oxidize Am(OH); in nev- 
tral or basic solution using ozone (23). Oxygen is ii'- 
effective in achieving this oxidation which constitut:s 
further corroboration for the magnitude of the negati‘e 
potential. 
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The two other valence states of americium which can 
he isolated in solution are the (V) and (VI) states. 
These are doubly oxygenated and have the general 
formula, AmO,+", where n = +1 for americium(V) 
and n = +2 for americium(VI). There is one other 
general characteristic of both americium(V) and (VI) 
that is related to the radiation produced by the ameri- 
cum as it decays. The alpha particles interact with 
yater, hydrogen ions, and the like to give a multitude 
o! products such as hydrogen atoms, hydroxy] radicals, 
hydrogen peroxide molecules, etc. Some of these species 
are supplied with an excess of electrons and are, them- 
selves, excellent chemical reducing agents. 

It is often said that the (V) and (VI) states of ameri- 
cium are not “stable” in solution. While it is true that, 
at least when using americium-241, the (V) and (VI) 
states cannot be maintained for long times, this specific 
effect is worth discussion. Both Am(V) and Am(VI) 
are good oxidizing agents, about equal to permanganate 
or ceric ion. However, one does not usually think of 
permanganate cr ceric ion as being particularly ‘“un- 
stable” in solution, unless, of course, there is some im- 
purity in the solution that can be oxidized. In a 
solution of Am(V) and Am(VI), powerful reducing 
agents are being constantly produced by the radiation. 
Therefore, after preparation of either (V) or (VI) 
americium, the amount of the higher valence state slowly 
disappears, ‘his disappearance being caused by the 
oxidized ion reacting with its own “waste products” 
in the solution. However, there is a rate involved 
in this disappearance: the rate of reduction of the (V) 
state amounts to about 2%/hour and the rate of re- 
duction of the (VI) state amounts to about 4%/hr. (24). 

Americium(V) is quite easily prepared and is precipi- 
tated if a solution of trivalent americium in excess 
carbonate is treated with a strong oxidizing agent such 
as hypochlorite (35), persulfate (14), or ozone (14). 
Under certain conditions, the precipitate has the 
formula, KAmO.CO; (36), and may be easily sep- 
arated by centrifugation. The double carbonate 
compounds have been prepared with sodium, po- 
tassium, rubidium, and ammonium as the univalent 
cation. Table 3 shows that such a compound is readily 
soluble in acid to give a solution containing the penta- 
valent americium as the oxygenated ion, AmO,+. 
Solutions of pentavalent americium have a light tan 
color, increasing to a deeper brown as the concentra- 
tion increases. In addition to self-reduction, americium 
(V) can also undergo disproportionation (27, 28). 
The result of the disproportionation produces an 


Table 3. Preparation of Americium(V) 


OCI-, Os 
Am(IIT) in K:COsaa) KAm0:CO; 


8 
KAm0O.CO; + dilute acid — AmO+*(aq) 


+ O; ———> AmO,*+ 
Warm 


Alpha 


Am02* (aq) 


Amyaq)**; ~2% per hour 


-09 
4 
ARBITRARY 
0.0. UNITS 
4 
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Figure 2. Absorption spectrum of americium tetrafivoride. 


americium(VI) and an americium(IV). However, the 
americium(IV) cannot exist in acid solution so it im- 
mediately disappears. The disappearance of americium- 
(V) follows second order kinetics over most of the 
range of such experiments; however, there has been 
some other work which indicates the reaction is more 
complex (15, 29). 

The (VI) or hexavalent state of americium may be 
produced from the pentavalent ion if it is treated with 
an oxidizing agent such as persulfate or ozone. Table 
4 shows some additional methods of producing the (VI) 


Table 4. Preparation of Americium(VI) 
Acid media 


8205 
Am?*3, HNO; 0.1 AmO,*+* 
ot 


AmO,*+ + (Br~, Cl-) = AmO,~ 
AmO,++ + I- = 


4% 
AmO,** AmO,* (Am**! alpha radiation ) 
Alkaline medium 


— Am(VI) complex, deep red brown 
NaHCO; + O; 


state in solution. Persulfate oxidation in dilute acid 
has been the most common method of attaining the 
(VI) state. Chloride, bromide, and iodide ions 
cannot be tolerated in solutions of americium(VI) as 
these ions are oxidized by the americium. The per- 
sulfate ion can decompose itself by an acid-catalyzed 


path to produce peroxymonosulfuric acid ($0) which in 


turn is capable of reducing the americium(VI). There- 
fore, the persulfate oxidation must be carried out in 
solutions of dilute hydrogen-ion concentration. 
Americium(VI) is light brown or yellow in dilute 
perchloric or nitric acid, green in fluoride, and dark 
brown in sulfuric acid. These fairly striking color 
changes are indications of complex ion formation in 
these media, but little quantitative work has been done 
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to elucidate their structures. A basic complex ion is also 
formed in bicarbonate-carbonate solutions of americium 
(VI) as such solutions have a deep red coloration (78). 


The Chemistry of Curium 


Up until about 1956, very little curium chemistry had 
been done using any isotope other than curium-242 
which has an extremely short half life, 162.7 days. The 
difficulty in doing chemistry using curium-242 is greatly 
complicated by the intense radiation from such a short- 
lived isotope. For example, a solution of millimolar 
eurium would evaporate itself to dryness within a short 
time because of the heat generated by the radioactivity. 
X-ray analysis, usually the most useful tool in metal and 
compound structure determination, is almost useless 
when using curium-242. Along with the alpha particles, 
curium emits gamma rays which serve to blacken the 
X-ray film almost as efficiently as the impinging 
X-rays themselves. 

Table 5 shows some typical reactions of curium, Al- 


Table 5. Reactions of Curium 


Curium (either 242 or 244) 
<0.2f Ht 
Cm*3, Am+? ————> Am0O,*++ + 
8.037 


Cm*3, Am*3 Am(V) } + Cm*3 


Curium (244 only) 
On, O; 
Cm,.(C,04)s ———> CmO, 
400° 


F,, 400 
CmF; ——-——> CmF, 
1 atmos. 


though curium is the homologue of gadolinium and has 
the 5f7 or half-filled shell structure, it had often been 
considered that a higher| valence state than (III) 
might be formed in aqueous solution. However, to 
date, there has been no good evidence for the production 
of any aqueous valence state of curium other than 
the trivalent. 


5000 


Figure 3.. Absorption spectrum of curium tetrafivoride. 
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A new isotope of curium has recently become avaii- 
able in limited quantities. This isotope is curium-244 
which has a 17.9 year half life (37), and the lower radia- 
tion level connected with such an isotope has made 
possible several discoveries. Using curium-244, tetra- 
valent curium has been identified in the solid compounds, 
CmO, (82) and CmF, (33). The spectrum of dry 
curium tetrafluoride was obtained in 1957 (18) and is 
shown in Figure 3. It can be seen that there is cor- 
siderable structure to the spectrum of the tetravalent 
state. 

Some very sharp absorption peaks were recently dis- 
covered in the spectrum of aqueous curium(III) when 
using the mass 244 curium isotope (34). Figure 4 
shows this spectrum. In the early work (35, 36), which 
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Figure 4. Absorption spectrum of aqueous Cnilll). 


2000 2500 


used curium-242 entirely, only dually increasing 
absorption in the region <4000 A was noted but no 
absorption peaks were observed. It can be seen in 
Figure 4 that there is a growth of the ultraviolet region 
with time. It is believed that this increase is due, «it 
least in part, to the growth of hydrogen peroxide in the 
solution because of the radiation. Some other evidence 
(37) suggests that Cl, and ClO: also contribute general 
absorption as these species are produced by alpha 
radiation in perchloric acid solutions. 


Summary 


The solution chemistry of americium has been 
fairly well investigated since its discovery. Most of the 
early tracer work has been repeated and extended using 
macro quantities. In a few cases, such as the po- 
tulated existence of americium(II), the macro work 
reversed the tracer results, but in general all of the 
early work was confirmed. Americium metal has been 
prepared and shows reactions typical of a highly elec- 
tropositive metal. Americium is capable of existing 
in solution as a hydrated trivalent ion or as a doubly 
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cxygenated (V) or (VI) ion. Tetravalent americium 
cin exist in certain solid compounds but has never been 
found in acid solution because of its ability to oxidize 
water or undergo disproportionation. The solution 
chemistry of the (V) and (VI) states is complicated 
by the self-reduction of the ion concerned and has not 
been examined as thoroughly as one might like. There 
is a long-lived isotope of americium, americium-243, 
wth a half life of 7951 years (2), which has recently be- 
come available. Therefore, certain aspects of americium 
chemistry, such as the various kinetic and equilibrium 
reiationships in the (V) or (VI) states, will probably be 
reinvestigated using this isotope. 

The solution chemistry of curium is more straight- 
forward than that of americium, at least in the sense of 
valency. It has not been possible to attain any oxida- 
tion state of curium other than (ITT) in solution although 
a (IV) state can exist in the solid. The more extensive 
use of curium-244 enabled certain new discoveries to 
be made in curium chemistry which probably never 
would have been possible with the extremely active 
curium-242. 

The more significant advances of the future, with 
either americium or curium, will most likely be made 
with the use of the more stable, longer-lived isotopes. 
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1959 NSF Summer Institutes (continued) 


Host school Location Director 


Teachi No. of 
level o ici 
participants pants Graduate credit 


partici- 


Special selection criteria Dates 


7. Indiana Univ. Bloomington, Ind. W. H. Nebergall Jr. Coll. 50. 4sem. hr Experienced teachers 6/15-7/10 
ege 
8. Montana State Coll. Bozeman, Mont. L. O. Binde: H.S., Coll 90 6aqr.hr 5 yr. teaching 7/20-8/21 
9. Northern Ill. Univ. De Kalb, Ill. F. W. Rolf 4 Jr. Hi, H.S. 50 s Son. br Av. or below av. trainingin 6/22-8/14 
m. 
10. Ohio Univ Athens, Ohio L. P. Eblin College 45 6 sem. hr. Gen. chem. teachers 7/13-8/22 
ll. Oregon State Coll Corvallis, Ore. Max Williams Jr. Coll. 50 9 ar. hr. None 6/29-8/7 
12. Pratt Inst. Brooklyn 5, N.Y. J. M. O'Gorman 35 6sem. hr. 3 yr. experience 7/6-8/14 
13. Fuipdsiphio oe of Philadelphia 4, Pa. A. Osol H.S., Coll. 28 6 sem. hr. None 7/6-8/14 
Pharm. 


7. To provide experienced teachers of college chemistry with 
new subject matter. To provide opportunity for discussion of 
current undergraduate curriculum problems. 

8. Twenty-five lectures on recent advances and significant 
trends in chemistry plus a refresher course in general chemistry 
for high school teachers. Twenty-five lectures on topics in five 
fields of chemistry by Kleinberg, Noller, Potter, Tamres, Turke- 
vich, and V/alten. 

%. Participants will be selected who are teaching chemistry 
now and whose background in chemistry is less than that of a 
chemistry major. Emphasis of instruction will be on fundamen- 
ta's of undergraduate curriculum plus supporting principles of 
m:ithematics and physics. 

10. For teachers of first year college chemistry. Participants 
to be selected from small colleges including junior colleges and 


branch colleges. Organic, physical, and inorganic chemistry to 
be covered. 

11. Teachers from all colleges including junior colleges. 
Basic and modern developments in analytical, inorganic, general, 
organic, and physical chemistry provided in special courses. 

summer session courses available. 

12. Emphasis on the needs of the least well-prepared group of 
high school teachers. Teachers of chemistry with no formal 
training in chemistry will be accepted. Provisions made for 
“exploratory” laboratory work. 

13. Special institute in radiochemistry for high school and 
college teachers of biology, chemistry, and physics. Thirty-six 
experiments from use of Geiger-Miiller counters to gas phase and 
liquid scintillation counting technique. Many experiments in- 
volve the study of biological and chemical systems. 


(Concluded on page 44) 
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B. B. Cunningham 
Radiation Laboratory 
University of California 
Berkeley 


Berictium and californium, elements 97 
and 98, were discovered some eight years ago at the 
Radiation Laboratory of the University of California— 
the former by 8. G. Thompson, A. Ghiorso, and G. T. 
Seaborg' and the latter by Thompson, K. Street, Jr., 
Ghiorso, and Seaborg.? 

Neither element now exists in detectable amount as a 
natural component of the terrestrial environment, 
although both may have been of significant abundance 
some four billion years ago, when the earth was formed. 
However, none of this primordial stock—if, indeed it 
ever existed—could have survived the long span of 
time which has since elapsed. The most stable isotope 
of either element has a half life of 7 X 10% years. The 
fraction of any original amount of this isotope remain- 
ing after 4 X 10° years would be only one part in 
101-6 x 1% ratio smaller than that of the mass of one 
atom of the isotope to the mass of the earth. It would 
be fruitless, therefore, to search for primordial berkelium 
or californium in nature. A short half life does not 
necessarily preclude the possibility of the natural 
existence of a radio isotope, however. 

The plutonium isotope of mass 239 has a half life of 
only 24,000 years, and yet it has been recovered in 
identifiable (micrograms) amounts from uranium ores.* 
Plutonium-239 exists in such sources because it is 
being formed continuously by the capture of neutrons 
by U?* and subsequent rapid @- decays to yield 
successively Np? and then Pu**®, In this process 
there is a minuscule steady state concentration of the 
2.3 day emitting Np?”. 

The natural neutron flux in uranium ores is exceed- 
ingly small, however, and isotopes which require 
several successive neutron captures for their formation 
(as is true of the isotopes of Bk and Cf) cannot be 
sustained at identifiable levels in these deposits. For 
such elements, therefore, synthesis is a necessary 
prelude to discovery. ' 

The two principal methods used for the synthesis of 
the transuranium elements are neutron irradiation and 
charged particle bombardment. In most cases the 
latter method has been used in the initial preparation 
and identification of a new transuranium element, in 
spite of the fact that only relatively small numbers of 


Presented as part of the Symposium on the New Elements before 
the Division of Chemical Education at the 133rd Meeting of the 
American Chemical Society, San Francisco, April, 1958. Pre- 
pared under the auspices of the Atomic Energy Commission. 

Toompson, 8. G., Guiorso, A., AND SzaBora, G. T., Phys. 
Rev., 77, 838 (1950). 

* Tompson, S. G., Srreet, K., Jr., Guiorso, A., AND 
Seazora, G. T., Phys. Rev., 80, 790 (1950). 

* PepparD, D. F., er au., J. Am. Chem. Soc., 73, 2529 (1951). 
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Berkelium and Californium 


atoms can be produced in this way. This disadvantage 
is more than compensated by the relatively short haif 
lives and hence high specific radioactivities of the 
isotopes produced, by the low total radioactivity of the 
target which is favorable to rapid chemical processing, 
and by the fact that the bombardments may be 
completed within a few hours. 

The initial syntheses of berkelium and californium 
were effected by charged particle bombardment, the 
projectiles being helium ions of 35 million electron 
volt energy, produced by the Berkeley 60-inch cyclo- 
tron, and the target materials Am*!, in the case of 
berkelium, and Cm”, in the case of californium. 

The new elements were formed by the nuclear 
reactions: 


+ »Het + 2Qyn! 
+ —> f245 + on! 


Other reactions, such as fission of the target nuclei, 
also occurred in the bombardments but need not 
concern us here. 

It was possible to predict in advance of the actual, 
bombardments some very rough figures for the yields 
of the desired isotopes. Thus, the probability of 
reaction (1) occurring between one incident helium 
ion and one atom of Am”! in the target was estimated 
to be about 10-%. In the bombardment the proba- 
bility would be increased in proportion to the number of 
Am“! atoms in the target and the number of helium 
ions furnished by the beam—the latter being propor- 
tional to the beam current and the duration of bombard- 
ment. However, it is useless to extend the bombard- 
ment for a time much greater than 1.5 times the half 
life of the desired product isotope, for by then a steady 
state is reached in which the rate of production of the 
isotope is balanced by its rate of decay. The rate of 
decay, that is, the number of atoms decaying per unit 
time of N atoms of an isotope of half life t:,,, is equal to 
(0.693 N)/t1,. 

If R is the rate of production (atoms formed per unit 
time) then at steady state: N = (R X ty,)/0.693. 

R is readily calculated from the reaction probability, 
the number of target nuclei, and the number of pro- 
jectile nuclei which impinge on the target per unit 
time. 

In the bombardment of Am*! approximately 10 
mg of the isotope were used for the target, which was 
exposed to a helium ion current of about 2 micro- 
amperes. Therefore: R = 10-* x (0.010/241) X 6 X 
10?* (atoms of Am in target) X 6 X 10! (He** ions 
per second) = 1.5 X 10® (atoms Bk** formed per 
second). 
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At steady state, the number of atoms N of Bk*** in 
the target would be: 


_ 1.5 X 10° x ty, 
0.693 


On the basis of an expected half life of Bk?** of around 
an hour, or 3600 seconds, the expected steady state 
number of Bk*** atoms was calculated to be about 
7 X 10°. 

In actuality the half life of Bk?** proved to be about 
4'/, hours, so that about 3 X 10" atoms were synthe- 
sized in the initial bombardment. The isotope decays 
mainly by the capture of an orbital electron—a process 
which is detected with only about 2% efficiency. 
From the amount of berkelium produced about 6 10° 
decay events were thus available for tracing the course 
of the element during its chemical separation and 
identification. 

Because of a smaller reaction probability and a 
smaller amount of target material, only about 7 x 10° 
atoms of Cf?“ were produced in the initial synthesis of 
this element. 

For both berkelium and californium the technique of 
identification rested on the postwar development of the 
extremely powerful yet simple technique of ion exchange 
separation. It is fair to say that without the develop- 
ment of this technique the discoveries of the heavier 
transuranium elements would have been immensely 
more difficult, and undoubtedly greatly delayed. 
Figure 1 shows the elution sequence of a number of 
lanthanide and actinide elements from the cation 
exchange resin, Dowex-50, using citrate ion as eluting 
agent. 
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Figure 1. Elution of lanthanides and actinides from Dowex-50, with ci- 
trate solution. 
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Figure 2. Reproduction or original elution curve illustrating the discovery 
of element 97 (berkelium). 


The important feature of these curves is that within 
each series the tripositive ions of both lanthanides and 
actinides exhibit an elution order which is the reverse 
of the order of atomic number. It will also be noted 
that the spacings between the successive peaks follow a 
well defined pattern. The spacings, in the case of both 
series, may be correlated with the variation of ionic 
radius with atomic number. 

Since, in heavy element bombardments, the lantha- 
nide elements are formed as fission products, it is 
necessary to effect a group separation of the lanthanides 
from the actinides—otherwise the elution positions 
of the two series would overlap. This separation can 
be accomplished by ion exchange, using concentrated 
solutions of chloride.ion as eluant, owing to the greater 
stability of the polychloride complexes of the actinides 
as compared with those of the lanthanides. 

A reproduction of the original elution curve of the 
actinide fraction recovered from the first helium ion 
bombardment of Am*! is shown in Figure 2. 
Berkelium appears in the expected position, just ahead 
of curium and americium. In the discovery of cali- 
fornium, berkelium was added as tracer before the 
elution, the californium peak then appearing just ahead 
of the berkelium. 

Since the initial discovery of these two elements, a 
number of isotopes other than Bk** and Cf** have 
been prepared by various techniques. These are 
listed in Table 1. 


Chemical Properties of Bk and Cf: Tracer Studies 


A few atoms of an element may suffice for a limited 
investigation of its chemical properties if it is available 
as a radioisotope. The energy released in a single 
decay event usually may be detected readily and 
characterized. Thus the presence of only one such 
atom in a sample under investigation can be revealed by 
radioassay. In this case, of course, the probability 
of decay must be such that it can be expected to occur 
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Table 1. Isotopes of Berkelium and Californium 


Mode of ° 
disintegration* 


Isotopes of berkelium 
; EC (>99%) Am" (a, 22) 
a (0.19% 6.72, 


a (6 x 10° 


4.95d EC (>99%) 

(0.1 6.17, 
Bk 19d EC 

7 Xx 
Bk** 16h 


Tso- Half 


tope life Source 


Am*! (a, n) 
Am?*43 (a, 2n) 


Am?43 (a, n) 
Cm*** (a, pn) 


a (5.67, 5.50, 5.30) Cf? EC decay 
(70%)(0.65) 
EC (30%) 


Cm** (a, p) 

Bk**7 (n, 

Cin? (a, p) 

Cm* (a, pn) 

Pu**® multiple neu- 
tron capture 

multiple neu- 
tron capture 

Bk*** (n,7) 


Bk* 290d B~ (>99%)(0.09) 
a 8%)(5.40, 
B~ 9, 0.9) 


Isotopes of californium 
a (7.17) 


Bk 3.13 h 


Cm**? (a, 2n) 
U2 (C!2, 6n) 


Cf?44 25 m 


44m EC (66%) 
a (34%)(7.11) 


6.711) 
sta 


Qa 
B 
Cf247 EC 
250 d a 
8 stabl 
a (6. 6.10, 5.91, 5.82) Bk?4* B-decay 
B sta 
9.3y a (6.024, 5.980) 


B stable 
660 y a 


2.2y (6.112, 6.069) 
66 y a/SF ~30 


multiple neu- 
tron capture 
(n, y) Bk 

multiple neu- 
tron capture 

Pu?*® multipleneu- 
tron capture 

multiple neu- 
tron capture 

Spontane- 

ous fission 


Cis 20d 
Sa 


B stable 

Pu?* multiple neu- 
tron capture 

EC deca: 

Pu** multiple neu- 
tron capture 


* Energy of radiation in million electron volts; EC = electron 
capture; SF = spontaneous fission. 


SF 
B stable 


in a reasonable period of observation.. On the other 
hand, it must not be so large that decay is likely before 
the preparation of the sample is completed. 

Chemical investigations carried out by such methods 
are called ‘‘tracer” studies. They can serve to reveal 
directly only one property of the element under in- 
vestigation—its relative preference for one kind of 
environment as compared with another—that is, its 
phase distribution. Nevertheless a great deal may be 
learned by inference from such studies, including the 
identity of various oxidation states, approximate values 
of oxidation-reduction potentials of couples involving 
different oxidation states, the composition and stability 
of complex ions, and relative volatility as the element 
and in the form of various compounds. 
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The initial chemical identifications of berkelium and 
californium demonstrated the stability of their tr- 
positive oxidation states in aqueous solution, since the 
elements appeared in their proper order in the elution 
sequence with other tripositive actinide ions. In later 
exneriments with tracer amouzts of berkelium, it was 
shewn that the tripositive ion «ould be extracted into 
benzene as a complex with TTA (thenoyl trifluoro 
acetone). The extraction coefficient was found to be 
some 15 times greater than that of curium. 

Californium in the elemental or metallic state was 
observed to be much more volatile than uraniun, 
since it could be readily volatilized from the latter 
metal at about 1200°C. 

The electronic configurations of Bk+* and Cf*', 
predicted on the basis of Seaborg’s actinide hypothesi:, 
suggested the desirability of early experiments on the 
oxidation-reduction behavior of these ions. Thus the 
predicted electronic configurations for Bk+* and Cf** 
were 5f* and 5f°, respectively (beyond the radon core). 
Loss of a single electron by Bk +? and of two electrons by 
Cf+* would yield the especially stable half-filled subshell 
configuration of 5f7. 

Attempts to prepare higher oxidation states cor- 
responding to these configurations were begun in 1950. 
In one such set of experiments tracer amounts of Bk** 
were added to acid solutions containing a few milligrams 
of Zr+*. The solutions were then treated with various 
oxidizing agents such as Bre, Cle, BrO;— and Cr,07-. 
After about a half hour the zirconium was precipitated 
as Zr3(PO,), by the addition of phosphoric acid. The 
precipitate and supernatant solution were separated and 
each fraction examined for berkelium by radiometric 
assay. With Br. and Cl, only a small per cent of the 
berkelium was found in the precipitate whereas with 
BrO;~ and Cr,0,- most of the berkelium was found in 
this fraction. The zirconium phosphate precipitate is 
known to coprecipitate +4 ions selectively from a 
mixture of +3 and +4 ions and hence it could be 
concluded that oxidation of berkelium—probably to 
the +4 state—had occurred in the presence of BrO;~ 
and Cr,0;~ but not in the presence of Br: or Cle. 

In later experiments, using zirconium phenylarsonate 
as carrier (selective for the coprecipitation of +4 
ions in a mixture of actinide ions in the III, IV, V, 
and VI oxidation states) the oxidation state of the 
oxidized berkelium was definitely identified as +4. 
Moreover by studying the per cent of oxidation of 
berkelium as a function of the ratio of Cet‘ to Ce*’ 
concentration in solution it was possible to fix the 
potential of the Bk+* = Bk+4 + e- couple as —1.62 + 
0.06 v. 

However, in similar studies of the oxidation-reduction 
behavior of californium no evidence of oxidation beyond 
the +3 state has ever been found, not even by such a 
powerful oxidizing agent as peroxydisulfate. Probably 
the higher oxidation states of californium are themselv:s 
such powerful oxidizing agents that they are instant!y 
reduced by water. 

A complete study of the chemistry of an element is 
not possible by tracer methods alone, since for the 
determination of properties such as melting poii't, 
absorption spectrum, heat capacity, etc., large az- 
gregates of atoms or molecules are required. Although 
by a suitable refinement of experimental techniques it is 
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possible to determine such macroscopic properties 
with quantities of material very much smaller than 
‘hose used conventionally, at the present time these 
ipinimal amounts are still of the order of a microgram. 

It is not feasible, in general, to prepare such amounts 
of the transuranium elements by charged-particle 
hbombardments—at least with existing cyclotron beam 
currents. Moreover the short half lives of the isotopes 
so prepared would render them thermally unstable as 
iacroscopic aggregates. 

Longer-lived isotopes may be made, however, by 
multiple neutron capture on lighter target materials. 
Such multiple neutron capture leads eventually to a 
nass-to-nuclear charge ratio which is favorable for 8- 
emission. This emission gives a daughter nucleus 
which is one atomic number higher than the parent. 
Further neutron capture by the daughter again lends to 
8- decay, and so on. Such a chain, leading to the 
production of isotopes of Bk and Cf is outlined below: 
(n, y) (n, y) Pu? (n, y) (n, y) Pu* 


Pu43 Am?43 (n, 7) Am244 Cm244 (n, 7) Cm? 
5.0h 26 m 


(n, y) Cm (n, y) (n, y) Cm* (n, 


Cm*4#9 ———> Bk*9 (n, y) ———> Cf (n, y) Cf*! 
65 m 3.13 h 


(n, vy) Cf? (n, y) C3 (n, Cf 
(The expression (n, y) indicates neutron capture fol- 
lowed by gamma emission.) 

In order to obtain appreciable yields of the heavier 
isotopes in a reasonable period of time a very high 
neutron flux is-required, since the amount of a heavy 
isotope produced per unit time has an exponential 
dependence on the flux, the exponent being equal to the 
difference in mass between the target nucleus and that 
of the desired isotope. In these irradiations, yields are 
further reduced by the competing reaction of fission, 
which occurs extensively in neutron irradiations of 
heavy element isotopes. In spite of these difficulties, 
macro amounts of the very heavy isotopes of the 
transuranium elements are produced in this way. 

As an example, a neutron irradiation for the purpose 
of providing macro amounts of berkelium and cali- 
fornium was initiated in 1953, the target material 
being 10 grams of Pu®**, This was placed in a position 
in the Materials Testing Reactor at Arco, Idaho, where 
the neutron flux amounted to about 10" neutrons per 
em? per second. The irradiation was continued for a 
period of 5 years, during which time approximately 90% 
of the heavy element isotopes had undergone fission. 
Among the heavy isotopes remaining, however, there 
were about 0.6 wg of berkelium and 1.2 ug of californium. 
Chemical processing eventually yielded these elements 
in separated and purified form. Using these materials, 
the author, in collaboration with Dr. 8S. G. Thompson, 
Llad Phillips, and Ray Gatti initiated studies of the 
macroscopic properties of these elements, in the early 
part of this year. 

We decided to attempt three kinds of observations on 
each element: (1) The determination of the absorption 
Spectra of the aqueous tripositive ions, (2) measure- 
ments of the magnetic susceptibilities of the ions, and 
(3) an X-ray diffraction study of the oxides. We 
Were interested in the first two kinds of observations 
because of the information to be obtained concerning 


the electronic configurations of the ions, and in the 
last because of the possibility of observing higher 
oxidation states in solid compounds. To date we 
have carried out experiments relating to only the first 
two of these objectives. 
Absorption Spectrum in Visible Range 

In developing the experimental methods to be utilized 
for this research we were particularly concerned that 
our techniques should in no case involve any real risk 
of loss of a major portion of either of the samplés. For 
example, in planning for the observation of the absorp- 
tion spectrum, the method finally chosen was one which 
did not require any extra manipulation of the samples. 
This was done by attaching to the lower end of the ion 
exchange column which was to be used in any event for 
the final purification of each element, a capillary absorp- 
tion cell, through which the purified sample passed on 
its way to its final container. Light transmitted 
through the absorption cell was examined with a bench 
spectrometer. This arrangement is shown in diagram- 
matic form in Figure 3. 


87°C JACKET 


+—— capillary diameter = 0.5mm. 
resin column= 22mm. 


Ao 


SPECTROMETER 


LAMP ABSORPTION CELL: 


length=!00mm. 
capillary diameter = 0.3mm. 


Figure 3. Capillary absorption cell. 


The equipment was tested in preliminary experiments 
in which small quantities of americium and neodymium 
were eluted by the same technique as that utilized 
subsequently for berkelium and californium. We had 
no difficulty in observing the absorption spectra of the 
ions of these elements as they were eluted from the resin 
and passed through the absorption cell. From these 
preliminary experiments we were able to conclude that 
any absorption lines of Bk +* or Cf+*, of molar extinction 
coefficient >20 within the range from 4500 to 7500 A 
should be detectable with our equipment. 

In careful observations on both Bk*+* and Cf** no 
absorption in the indicated range was detected. In 
later experiments with Cf+*, done in collaboration with 
J. G. Conway, the spectral range was extended by 
using a grating spectrograph and photographic de- 
tection. Two broad, weak absorptions were observed, 
centering at 7800 and 8300 A, respectively. It is 
tentatively suggested that these are due to transitions 
from the *H»/: ground state to the *P*/: and *P*/: upper 
states analogous to the transitions at slightly shorter 
wavelengths observed in Dy+*, the rare earth analogue 
of Cf**. 

It must be borne in mind however, that if the transi- 
tion probabilities between energy levels in the 5f 
subshell have dropped at berkelium and californium 
to values comparable to those observed with the rare 
earths, we would not have been able to observe such 
weak absorptions even if they occurred in the visibie 
spectrum. ; 
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Magnet: 


current- Oto 0.70amps. 


He inlet 


vertical adjustment 


quartz Dewar flask ————> 


liquid bath 


graded seal joint 
(pyrex top -quartz bottom) 


magnet pole face 
(shaped to provide 
ink mogenous field) 


optically flat quartz 
windows 


quartz fiber 1!2microns diameter 


=— vacuum pump 


Mylar cone with resin bead 
Diometer of bead: 0.5mm. 
Cone attached to quartz fiber 
with polystyrene glue. 


View through microscope 
Magnification ~75 times. 
Occular equipped with filar 
micrometer. 


microscope 


right angle prism 


Figure 4. Magnetic susceptibility apparatus. 


Magnetic Susceptibility 


For the measurement of the magnetic susceptibility 
of Bk** and Cft* it was again necessary to develop 
special techniques. In order to provide a desirable 
diamagnetic diluent for the paramagnetic heavy element 
ions and at the same time to afford a method for the 
mechanical manipulation of the samples, it was decided 
that the measurements should be made with the Bk+* 
or Cft* adsorbed on a single small bead of cation 
exchange resin, which could then be examined in a 
magnetic field. Of course, it would be necessary in 
preliminary experiments to determine the appropriate 
corrections for the magnetic behavior of the bead alone. 

The magnetic susceptibility of a solid sample usually 
is determined by some modification of the Faraday 
method, in which the sample is exposed to the action 
of an inhomogeneous magnetic field. The force 
experienced by the sample under these circumstances is 
given by the relation 


F = mx, 


where m is the mass of the sample, x, its gram suscepti- 
bility, H is the strength of the magnetic field and dH /dx 

field gradient. F is in the direction of the field 
inhomogeneity. 

Since H(dH/dzx) is difficult to measure accurately 
it is customary to calibrate the apparatus with a known 
mass of material of known susceptibility. The 
measurement of the susceptibility of a sample under 
investigation is then reduced to a measurement of the 
relative forces experienced by known weights of the 
standard and sample. For very small samples of 
material, such as we were planning to use, these 
forces would naturally be very small. We could 
calculate in advance that they would be of an order of 
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(5 to 20) X dyne. Precision to 1% required, the 
capability of detecting a force of 5 X 10~7 dyne. 

We proposed to achieve the required sensitivity by 
arranging the magnet pole pieces so that the magnetic 
force on the bead would be directed in a horizontal 
plane, and suspending the bead from a long, light and 
very flexible vertical support. Since fibers of fused 
silica may be drawn down to micron thickness, this 
was chosen for the suspension. Practical considerations 
limited its length to about 30 cm. The mass of the 
bead was about 50 ug. We could calculate the dis- 
placement of the suspended bead under the action of a 
horizontal force of 5 X 10~7 dyne: 


-7 
displacement in mm = 300mm X 5 X 10 dyne 


yne 
5 xX 10 980 —— 
x gm X 


=3 X 10-?mm 


In order to detect this displacement, it was necessary to 
observe the movement of the bead with a microscope. 
A microscope of moderate magnification, fitted with a 
filar micrometer, was found to be satisfactory for the 
purpose. The added requirement that the measure- 
ments should cover a wide range of temperatures 
determined the final form of the equipment, which is 
illustrated in Figure 4. The experimental results on 
Cf+* are given in Figure 5. 

The data indicate that the susceptibility conforms 
rather well to the Curie law (susceptibility proportional 
to the reciprocal of the absolute temperature) but 
is best fitted by a Curie-Weiss relationship, with a 
small constant correction A added to the absolute 
temperature. Similar data were obtained for Bk*. 
The effective magnetic moments calculated from the 
susceptibilities at various temperatures are concordant 
within experimental error (about +10%) and give 
calculated values of 8.7 and 9.2 Bohr magnetons {or 
Bk+t* and Cft* respectively. 
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These moments are plotted in Figure 6, along with the 
theoretical values derived from the three different 
assumptions: (a) the elements belong to a “d” transi- 
tion series, the ions exhibiting “spin only’? magnetism 
in condensed phases, (b) the elements belong to an “‘f” 
iransition series, there being complete quenching of the 
orbital momentum, and (c) the elements are members of 
an “f” transition series, there being no quenching of the 
orbital momentum in condensed phases. Shown on 
this same plot are experimental values of the magnetic 
moments of lighter actinide ions. 

The experimental values clearly conform best to the 
assumptions of (c) above, although there is noticeably 
more deviation from the theoretical moments than in 
the case of the rare earths, where the experimental 
values conform to (c) within a few per cent. The 
magnetic data clearly indicate, however, that the 
electronic configurations of Bk+* and Cf+*® very 
probably are 5f* and 5f° respectively. 


Relative deflection in scale 
units of Gd (II) and Cf(IL) 


— 0.056 micrograms cr*® 
----0.20! micrograms 


Deflection 8 


R= Magnetic field setting 


Figure 5. Relative susceptibilities of Gd*? and Cf*? as a function of tem- 
perature. 


Isotopic Composition 

In the above description of the work with berkelium 
and californium, no particular mention was made of the 
isotopic compositions of the samples. Nevertheless, 
isotopic composition may have an important bearing 
on the selection of techniques to be used for chemical 
studies of macroscopic properties. 

The berkelium sample was composed mainly of Bk?", 
which decays almost entirely by the emission of 0.1 
Mev 8~ particles with a half life of about 300 days. 
A very slight (~10-*%) decay by alpha particle 


@ Theory 1-14 "f" electrons 
© Actinides , experimentai 
© Theory Am*Susing 58 
© Theory Put? using « 58 
A Theory, spin only 
transition series 
© Theory, spin only for 
f transition series 


peffective (Bohr magnetons) 


12 
Number of subshell electrons 


Figure 6. Effective magnetic moments of various actinide ions, compared 
with theoretical values. 


emission occurs simultaneously, as does decay by 
spontaneous fission, with the release of neutrons. The 
latter process is of negligible magnitude however. 

The sample of californium, on the other hand, 
contained a large proportion (~65%) of Cf®?, with 
an alpha half life of about 2.3 years and a half life 
for spontaneous fission of only 66 years. The neutron 
flux from the spontaneous fission is a serious potential 
hazard to the experimenter. With the very small 
amount of Cf*? in ou sample, the neutron flux did 
not prove to be a serious disadvantage. In fact, special 
counters were developed to count these neutrons, as an 
aid in radioassay measurements. In any future work 
with more than a few micrograms of this isotope, it 
will be necessary to do all manipulations by remote 
control—a requirement difficult to meet in working on a 
submilligram scale. 

The other isotopes present in the sample, Cf*®, 
Cf*4, Cf*!, did not contribute substantially to the 
total spontaneous fission activity. Cf*, the daughter 
of Bk*4*, is much more suitable for chemical studies 
since it has a 360-year half life for alpha emission and a 
400-year half life for spontaneous fission. 


Conclusion 


In conclusion we may note that einsteinium probably 
marks the end of the road so far as the possibility of 
isolation of any higher elements in macro amounts is 
concerned. No isotope of any element beyond 
einsteinium has sufficient nuclear stability for separa- 
tion in macroscopic quantity. However, further 
development and refinement of experimental techniques 
may be expected to permit continuing exploration of the 
macroscopic properties of the transuranium elements 
through einsteinium, while studies of higher elements 
will be limited to those properties which may be deduced 
by tracer techniques. 
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I. the past six years, four elements 
beyond californium on the atomic number scale, 
einsteinium (No. 99), fermium (No. 100), mendelevium 
(No. 101), and element 102, have been discovered. 
These elements are not present in nature and must 
be synthesized by the transmutation of lighter elements. 
All of the transuranium elements through einsteinium 
have isotopes with sufficiently long half lives so that 
isolation in visible quantities is possible, but this does 
not seem to be true for the elements beyond einsteinium. 
The transcalifornium elements are members of the 
actinide transition series which begins with actinium 
(No. 89) and includes thorium, protactinium, uranium, 
and the transuranium elements through the undis- 
covered element 103. The actinide series has been 
found to have a strong chemical resemblance to the 
rare-earth or lanthanide series of elements which 
extends from lanthanum (No. 57) to lutetium (No. 
71), and the members of the actinide series correspond 
to the members of the lanthanide series in chemical 
behavior; thus the homologues of einsteinium, fer:nium, 
mendelevium, and element No. 102 are the rare earths 
holmium, erbium, thulium, and ytterbium, respectively. 

The analogy between the ion-exchange behavior of 
corresponding actinide and lanthanide elements has 
been the key to the discovery of most of the trans- 
uranium elements. The first known isotopes of new 
actinide elements are available only in minute amounts 
and may have very short existences, and in addition, 
the elements above plutonium have a very close 
chemical resemblance. The ion exchange adsorption 
and elution technique, in contrast to most conventional 
chemical separation methods, provides the necessary 
selectivity and rapidity in accomplishing the chemical 
identification of such elements. 

Separation of actinide and/or lanthanide elements 
by ion exchange can be performed as follows. The solid 
ion exchange resin is stirred into an aqueous solution 
containing tripositive actinide or lanthanide ions which 
replace the exchangeable cations of the resin. Ion 
exchange resins are organic polymers; a commercial 
resin, Dowex-50 (a copolymer of styrene and divinyl 
benzene with nuclear sulfonic acid functional groups) 
has been used in most of the discovery experiments to 
date. The reaction for this trading of ions can be 
written as follows: 


M* (aq) + 3NHAR (s) = MR,(s) + 3NH,* (aq) 
where M represents the actinide or lanthanide element, 


Presented as part of the Symposium on the New Elements 
before the Division of Chemical Education at the 133rd Meet- 
ing of the American Chemical Society, San Francisco, April, 1958. 

under the auspices of the Atomic Energy Commission. 
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and NHR, the ion exchange resin, ammonium ions ii 
this case being the exchangeable cations. The solic 
resin is then usually placed at the top of a glass colum 
filled with untreated resin. 
or lanthanide elements from the resin is accomplished 
by pouring through the column a solution containing 
anions (eluant) which form complex ions with the 
adsorbed elements. The anions (A~) can be chloride, 
nitrate, lactate, citrate, or alpha-hydroxyisobutyrate 
ions, for example. The net equation for this elution 
reaction can be of the type: 


M* (aq) + 4A~ (aq) = MAc (aq) 


The two reactions given above, of course, occur many 
times during the passage of the eluant down the column. 
The column is sometimes maintained at higher than 
room temperature to hasten the establishment of these 
equilibria. 

RELATIVE ELUTION OF HOMOLOGOUS 
ACTINIDES AND RARE EARTHS 
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Figure 1. Relative elution of homologous actinide and lanthanide ¢'e- 
ments in early experiments. The positions predicted for the then un- 
discovered elements 99 through 103 are shown by dotted lines. The cat- 
ion exchange resin Dowex-50 was used, and the elution was performed 
at 87°C with ammonium citrate buffered with citric acid in the case of ‘he 
actinide elements. The same resin and eluant were used in the case of 
the lanthanide elements and the elution was carried out at 100°C. 
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The actinide or janthanide ions to be separated are 
not all held with equal strength in the ion exchange 
resin. The ion which is held the least strongly on 
the resin, taking into account both of the above 
equilibria, moves down the column and emerges from 
the column first, followed by the next strongly held, 
ete. In certain systems the elements are eluted from 
the column in the inverse order of their atomic num- 
bers. Thus in the case of the lanthanides, lutetium 
can be collected as the first element leaving the column, 
ytterbium as the second element, and on to lanthanum 
as the last element. For the actinides, the undis- 
covered element 103 would elute from the column 
first, followed by element 102 and so on down the scale 
of atomic numbers. Figure 1 shows the relative 
elution of homologous actinides and lanthanides 
in experiments performed before the discovery of 
elements 99 through 103, the positions predicted for 
these five elements being shown by dotted lines. The 
ion exchange process is somewhat analogous to the 
distillation of a mixture of liquids with different boiling 
points: the least strongly held element emerges from 
the ion exchange column first, just as the most volatile 
component distills from a liquid mixture first. 

Similar separations can be made with a polymer with 
exchangeable anions, in which case the lanthanide or 
actinide elements must be present as complex ions. 


Einsteinium (99) and Fermium (100) 


The discoveries of many of the transuranium elements 
were the result of careful preliminary planning, taking 
into account experimental techniques, predictions of 
chemical and nuclear properties, and the availability 
of starting material. Elements 99 and 100 were, 
however, unexpectedly discovered in the debris from 
the first thermonuclear explosion, the ‘Mike’ shot 
which was staged in the Pacific in November of 1952. 
The discoveries occurred only because chemical 
identifications are made routinely in connection with 
these tests in order to establish certain properties, 
efficiencies, etc., of the explosion. Accordingly, debris 
for this purpose was collected on filter papers attached 
to drone airplanes which flew through the explosion 
area. Later, in order to obtain more source material, 
it was necessary to process many hundreds of pounds 
of coral from one of the neighboring atolls. 

Initial investigation of the debris by groups at 
Argonne National Laboratory in Chicago and at the 
Los Alamos Scientific Laboratory of the University 
of California in New Mexico resulted in the discovery 
of heavy isotopes such as Pu*4 and Pu**. ‘At that 
time Pu*4* was the heaviest plutonium isotope known. 
The presence of these previously unknown heavy 
isotopes in such high yield suggested that the capture 
of many successive neutrons by the uranium in. the 
device had occurred, and that very heavy uranium 
isotopes had been produced which underwent many 
successive beta decays due to their high ratio of neutrons 
to protons, to form very heavy isotopes of the trans- 
uranium elements. A group at the University of 
California Radiation Laboratory began a search for 
transcalifornium isotopes in the debris, and ion exchange 
experiments immediately demonstrated the existence 
of a new element. The research involving groups at 
the three laboratories (/) led to the complete identi- 
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Figure 2. Original elution data ling to the discovery of ein- 
steinium (December 19-20, 1952). The Cf and Am activities are present 
as tracers for calibration purposes. The activities are all due to alpha 
particles. Dowex-50 resin was used, and the elution was performed at 
87°C with citrate ions. 


fication of isotopes of elements 99 and 100, with the 
mass numbers 253 and 255, respectively. Element 99 
was named einsteinium in honor of Albert Einstein and 
element 100, fermium in honor of Enrico Fermi. 
The elution data for the discovery of einsteinium which 
were obtained at the University of California Rad’ tion 
Laboratory are shown in Figure 2. It can be seen 
in comparison with Figure 1 that the elution comes 
very approximately in the eka-holmium position. 
The first chemical identification of fermium was ac- 
complished at Berkeley on January 16, 1953, with only 
about 200 atoms and with such a minute amount 
of material that it was not possible to make the usual 
plot of a complete elution curve. Figure 3, therefore, 
shows the elution data for fermiuin corresponding to 
the second chemical identification of this element. 
In comparison with the data given in Figure 1, it 
can be seen that the elution of fermium occurs in 
approximately the eka-erbium position. The chemical 
properties of einsteinitum and fermium have been 
observed on the tracer scale and the elements found to 
behave as typical tripositive actinide ions. 

Einsteinium and fermium can be prepared in a number 
of ways. The most important, however, is the irradia- 
tion of plutonium or other elements of high atomic num- 
ber for several years in a high flux reactor such as the 
Materials Testing Reactor at Arco, Idaho. This is a 
slow process in which successive neutron absorptions are 
followed by beta decays to produce elements of higher 
atomic number. Figure 4 shows the nuclear reaction 
sequences for the production of heavy nuclides up to 
fermium by this process. There is the possibility 
of producing visible amounts of einsteinium by neutron 
irradiation. It should eventually be possible to prepare 
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Figure 3. Elution data for fermium corresponding to the second chemical 
identification (March 1, 1953). The other activities are present as tracers 
for calibration purposes. The activities, except for Bk, are all due to 
alpha particles. Dowex-50 resin was used, and the elution was per- 
formed at 87°C with citrate ions. 


in the form of the 280-day isotope E‘ or the 20-day 
isotope E** such an amount by the neutron irradia- 
tion of large amounts of plutonium, americium, or 
curium, for example, for a prolonged period. 


Mendelevium (101) 


The method of neutron irradiation could not be used 
to synthesize element 101 because some of the inter- 
mediate isotopes which must capture neutrons have 
half lives too short to allow their presence in appreciable 
concentrations as required. Thus it was necessary to 
use the method of charged particle bombardment to 
prepare element 101. The synthesis was planned and 
successfully accomplished with a target consisting of 
only about one billion atoms of einsteinium as E**, 
prepared by the neutron irradiation of plutonium 
as mentioned in the previous paragraph, and with the 
expectation that no more than about one atom of ele- 
ment 101 would be produced in each bombardment. 
The approximate number of atoms of element 101, 
N, that could be expected from each bombardment can 
be calculated as follows: 


N = N'olt 


where N’ is the number of einsteinium atoms used as a 
target; o is the cross section or probability for the 
reaction; J is the intensity of the helium ion beam; 
and t, the effective time of the bombardment. The 
cross section for the reaction was predicted to be about 
10-2? cm? on the basis of known values for previously 
observed similar reactions. The intensity of the helium 
ion beam was about 10'* particles/sec/em?. Pre- 
dictions indicated an average half life of the range of 


40 / Journal of Chemical Education 


hours for the expected isotopes, so an effective value 
of t of the order of 104 seconds was used. Using these 
numbers, the calculation was made as follows: 


N = 10° X 10-7” X 10% X 104 = 1 atom per experiment 


Thus, under the optimum conditions, the preparation 
of only about one atom of element 101 per experiment 
could be expected! No one had, up to this time, 
looked for transmutation products produced by charged 
particle bombardment of invisible amounts of materia]. 
and a billion atoms is invisible by many orders oi 
magnitude. 

Adding to the complexity of the experiment was th« 
necessity for the separation of the one atom of elemen: 
101 from the einsteinium and its chemical identificatio: 
by separation in the eka-thulium position by the ion- 
exchange method. The preliminary separation of thc 
atoms of element 101 from the target einsteinium was 
accomplished by a new method, the recoil technique. 
The einsteinium was plated on a gold foil as a very 
thin layer. The helium-ion beam was sent through 
the back of the foil so that the atoms of element 101, 
recoiling due to the momentum of the beam of pro- 
jectiles, could be caught on the thin gold foil. This 
second gold foil was dissolved and the chemical sepa- 
rations performed. 

It was possible to identify an isotope of element 10! 
even though the prediction of yield was correct, and 
the new element was produced in an average amount of 
only one atom per experiment (2). The fact that the 
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Figure 4. Nuclear reaction es for the preparation of heavy 
nuclides by intense slow neutron irradiation of Pu***. Neutron capture 
reactions are interspersed with beta decays. 


decay involved the spontaneous fission process was a 
fortunate circumstance. This mode of decay has a 
high, practically 100%, detection efficiency and zero 
background. The chemical identification was made 
in an ion-exchange experiment involving the combined 
products from three successive bombardments in 
which a total of five spontaneous fission counts, and 
hence five atoms, was observed in the element 11 
elution position. Figure 5 shows the elution daia 
obtained in the discovery experiment (in February, 
1955).!_ The isotope discovered has the mass numbcr 
256 and decays by electron capture to the isotope 
Fm” which is responsible for the spontaneous fission 


1 Eprtor’s Nore: See cover for a reproduction of the origi: :! 
data sheet from the spontaneous fission recording system shov- 
ing the stylus tracing (and various annotations). 
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Figure 5. Elution data corresponding to the discovery of mendelevium 
(February 19, 1955). The activity of the E%* and Cf“*, present as tracers 
for calibration purposes, is due to alpha particles. Dowex-50 resin was 


used, and the elution was carried out at 87°C with alpha-hydroxyiso- 
butyrate ions. 


decay. Subsequent experiments using larger amounts 
of einsteinium as the target have led to the production 
of over one hundred atoms of element 101. Figure 6 
shows the elution data obtained in these later ex- 
periments together with data obtained under the 
same experimental conditions for other tripositive 
actinides and lanthanides. The predicted elution 
positions for elements 102 and 103 are also included. 
Element 101 appears to be a typical tripositive actinide 
element and a true eka-thulium as anticipated. The 
element was given the name mendelevium in honor of 
the Russian chemist Dmitri Mendeleev. 


In the summer of 1957, a team of scientists from 
Argonne National Laboratory, the Atomic Energy Re- 
search Establishment in Harwell, England, and the 
Nobel Institute for Physics in Stockholm, Sweden, 
announced the discovery of an isotope of element 102 as 
a result of research performed at the Nobel Institute 
(3). The isotope was reportedly produced by bom- 
barding Cm**4 with cyclotron-produced C!*‘+# ions and 
decayed by the emission of 8.5 Mev alpha particles 
with a half life of about 10 minutes. The name no- 
belium was suggested by this group for this element. 
Unfortunately, it has not been possible to confirm this 
discovery in spite of a long series of careful experiments 
with the facilities at the University of California Radia- 
tion Laboratory (4). 

In April, 1958, a group at the Radiation Laboratory 
unambiguously identified the isotope 10274 as a product 
of the bombardment of Cm?** with C!” ions accelerated 
in the heavy ion linear accelerator (Hilac) (5). The 
element 102 isotope was detected by the chemical 
identification of its known daughter Fm”, the atoms 
of the daughter element being separated from the 
parent element 102 by taking advantage of the recoil 
due to element 102 alpha particle decay. Although 
the name nobelium for element 102 will undoubtedly 
have to be changed, these investigators have not, at 
the time of the present writing, made their suggestion 
for the new name. 

Figure 7 shows the experimental arrangement used in 
the discovery experiments. The target consisted of 
curium deposited on a thin nickel foil and was enclosed 


in a container filled with helium gas. The curium was 
bombarded with the C’* ions and the transmuted atoms 
were knocked into the helium gas to absorb their recoil 
energy. It was found that with a sufficient electric 
field strength practically all of these positively charged 
atoms could be attracted to a moviag negatively charged 
metallic belt placed directly beneath the target. The 
belt was then passed under a foil (the catcher foil) which 
was charged negatively relative to the belt. Approxi- 
mately half of the element 102 atoms undergoing alpha 
decay would cause their daughter atoms to recoil from 
the surface of the belt to the catcher foil. The catcher 
foil was cut transversely to the direction of the belt 
motion into five equal length sections after a time of 
bombardment suited to the half life of the daughter 
atom to be examined, and each section was analyzed 
simultaneously in counters. It was possible to make 
all the desired measurements for identifying the daugh- 
ter atoms caught on the catcher foils and thus to meas- 
ure the half life of the parent of the recoiling atoms. 
It was found that Fm™ could be collected on the catcher 
foils in accordance with a parent half life of 3 seconds. 
Changing the belt speed was found to change the distri- 
bution of the Fm” on the catcher foil in a manner con- 
forming to a three-second parent (isotype 102%). 

The chemical identification of Fm was accom- 
plished by dissolving the activity from the catcher foil 
and separating it from other actinide elements by the ion 
exchange method. Figure 8 shows the elution curve ob- 
tained in an experiment where nine atoms of Fm*° 
were observed in the element 100 position. 
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Figure 6. Elution of tripositive lanthanide ions (upper curves) and homol- 
ogous tripositive actinide ions (lower curves). The cation exchange resin 
Dowex-50 was used, and the elution was carried out at 87°C with am- 
monium alpha-hydrox . The predicted elution positions of 
elements 102 and 103 are indicated by broken lines. It should be 


pointed out that this is a log-log plot which is convenient because of the 
large spread of elution volumes represented. 
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Future Elements 


In the approximately eighteen years since the dis- 
covery of the first transuranium element, about seven 
dozen isotopes in the transuranium region have been 
discovered. In this region it has been possible to de- 
termine very precisely many nuclear properties not 
easily susceptible to study elsewhere in the periodic sys- 
tem. The predominant mode of decay is by alpha par- 
ticle emission, but decay by the spontaneous fission 
process becomes more and more important as the ele- 
ments of highest atomic number are approached. In 
fact, this latter mode of decay begins to proceed at a 
rate comparable to decay by alpha particle emission for 
some isotopes by the time element 100 is reached. In 
both the alpha and the spontaneous fission modes of de- 
cay, the regularities have been found to be greatest for 
nuclei which contain an even number of neutrons and 
an even number of protons, thus making predictions of 
the properties for undiscovered isotopes of this type 
the most certain. For isotopes with an odd number of 
protons or an odd number of neutrons or an odd number 
of both protons and neutrons, the rate of decay by both 
alpha decay and by spontaneous fission is slower than for 
the regular even type. 

Predictions concerning “superheavy” nuclei have 
been made by F. G. Werner and J. A. Wheeler (6). 
They have been able to show that, if such nuclei exist, 
the extra nuclear electrons for atoms with atomic num- 
ber substantially higher than 137 (often considered the 
upper limit) would behave normally because of the finite 
extension of the nucleus. Thus there is no limitation 
on the existence of such heavy elements from the stand- 
point of the electronic structure of such atoms. How- 
ever, due to the rapidly increasing rate of decay as the 
atomic number increases, there is no indication that 
such “superheavy” nuclei can be produced and detected. 
Unless unexpected islands of stability due to closed 
neutron or proton shells are found, the predictions 
based on the regularities in the decay properties sug- 
gest that it should not be possible to produce and de- 
tect additional elements beyond another half dozen or 


The synthesis and identification of new transuranium 
elements is, of course, a continuing goal. By the time 
elements 104 and 105 are reached, however, we shall 
probably find that the longest-lived isotopes that can 
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Figure 7. Schematic diagram of experimental arrangement used in the discovery of element 102. 
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Figure 8. lon exchange elution curve of the alpha-emitting Fm™ daughter 


of 102%. The beta-emitting Tm and Y, and the alpha-emitting E** and 


Cf*52 activities (scale on left) were incorporated as tracers for calibration 
purposes. Dowex-50 cation exchange resin was used, and the elution 
was performed with alpha-hydroxyisobutyrate solution. 


be prepared will exist barely long enough for chemica! 
identification which will undoubtedly be made on iso- 
topes with an odd number of nucleons. It is probable 
that the present criteria for the discovery of a new ele- 
ment, chemical identification by traditional methods 
and separation from all previously known elements, will 
have to be changed at some point. Careful investiga- 
tions of decay properties and reaction yields and mech- 
anisms, together with the use of the recoil technique 
combined in some cases with the chemical identification 
of daughter isotopes, should provide means for the satis- 
factory identification of isotopes with very short half 
lives. Decay properties may have to be measured at the 
target area, on recoil-product nuclei, during the bom- 
bardment. In some cases, it may be possible to make a 
satisfactory identification of a new element isotope by 
using simple and fast methods involving the migration of 
gaseous atoms or ions, volatility properties, reactions 
with surfaces, or gas-flow reactions. It is likely that the 
identification of the first isotopes of all the new elements 
that will be discovered in the future will be accomplished 
by such methods, and the 
production of isotopes of 
these new elements with 
sufficiently long half lives to 
allow chemical identification 
by traditional methods will 
follow later when this is 
possible at all. Regardless 
of the method used, evidence 
for the discovery of a new ele- 
ment should include a reason- 
able establishment of the atomic 
number and this requires more 
than the observation of predicted 
decay properties and yields. 
We may find in the future. 
however, that it will not be 
possible to satisfy this require- 
ment when the production 0! 
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elements substantially farther up the atomic number 
scale is under investigation some years from now. 


Chemical Properties of the Heaviest Elements 


The prediction of the chemical properties of the ele- 
ments beyond mendelevium seems to be quite straight- 
forward. The position in the periodic table of undis- 
covered elements up to element 118 can be predicted as 
a consequence of having determined the point of filling 
of the 5f electron shell which occurs at element 103, 
even though many of them will never be produced. 
The chemical properties of all of these elements can be 
estimated to the extent that membership of any element 
jn a certain group or column in the periodic table fore- 
tells its chemical properties. It is expected that the 
actinide series will be completed at element 103 and that 
elements 104, 105, 106, etc., will be fitted in under 
hafnium, tantalum, tungsten, etc., including the posi- 
tions occupied by thorium, protactinium, and uranium 
in the pre-World War II periodic tables. The filling of 
the 6d electron shell should be followed by the addition 
of electrons to the 7p shell, with the rare gas structure 
being attained at element 118. 

It seems probable that the chemical identification of 
element 103 and of isotopes of element 102 with suffi- 
ciently long half lives will be made by the ion exchange 
method. Element 102 might be expected to have, in 
addition to a stable IIT oxidation state, a somewhat 
unstable II state in aqueous solution. This lower oxi- 
dation state may well be important in the eventual 
chemical identification of longer-lived isotopes of ele- 
ment 102. If the stability of this IT state is compara- 
ble to the stability of the II state of ytterbium, then a 
rapid separation of this element from the other actinide 
elements may be effected through electrolytic or amal- 
gam reduction, using ytterbium as a carrier. It is ex- 
pected that the metallic form of element 102 will have a 
low density and high volatility relative to the preced- 
ing actinide elements. 

Element 104 should be exclusively tetrapositive in 
aqueous solution and should resemble its homologues, 
hafnium and zirconium. The fluoride of element 104 
would be expected to be soluble, thus permitting sepa- 
ration from the actinide elements by precipitating the 
insoluble fluorides of the tripositive actinides, leaving 
element 104 in solution. Solvent extraction may also 
prove to be a rapid and effective method of separating 
element 104 from the heavier actinide elements. 

Element 105 should resemble niobium and tantalum 
and, to some extent, protactinium, with the V oxida- 
tion state expected to be the most important. Al- 
though it is not a true chemical homologue of protactin- 
ium, element 105 might resemble protactinium in its 
carrying and solvent extraction properties. Element 
105 is expected to have troublesome hydrolysis proper- 
ties. The chemical properties of element 106 can be 
deduced from those of tungsten and molybdenum. 
Thus we might expect to find the III, IV, V, and VI 
oxidation states. Elements 107, 108, 109, 110, etc., 
would be expected to have chemical properties similar 
to those of rhenium, osmium, iridium, and platinum, 
etc., respectively, although such elements may not have 
j anvisotopes sufficiently long-lived to permit much study 
of their chemical properties. 
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Figure 9. Nuclear reaction sequences for the theoretical produc- 
tion of heavy isotopes by intense slow neutron irradiation. The 
neutron-capture reactions are interspersed with beta decays. 


Possible Methods of Synthesis 


This discussion will conclude with a consideration of 
the methods by which these undiscovered elements 
might be prepared. The process of multiple slow neu- 
tron capture as a result of intense neutron irradiation 
over a long period of time (as illustrated by Figure 9) 
offers little promise in the synthesis of transfermium ele- 
ments. Some of the necessary intermediate isotopes 
have half lives too short to be present in appreciable 
concentrations as required. The production of new 
transuranium isotopes and possibly even new elements 
by thermonuclear explosions is an interesting possi- 
bility. In this method, the neutrons are captured 
within a fraction of a second rather than over a period of 
months or years, and since beta decay will not, in gen- 
eral, proceed with a half life shorter than about 0.1 sec, 
there is no opportunity for beta decay to occur during 
the synthesis. Thus, for example, the production of 
Fm” in the “Mike” thermonuclear explosion was via 
the production of from U?* followed by a 

chain of short-lived beta decays, — Np® 
B- 
Pu™<e...... Fm, all of which occur after the neu- 
tron capture reactions are completed. 

Synthesis by heavy ion bombardments offers promise 
for the production of elements of high atomic number. 
Isotopes of californium, einsteinium, and fermium have 
been produced by the bombardment of uranium with 
carbon, nitrogen, and oxygen ions, respectively, and ele- 
ment 102 was discovered as a product of the bombard- 
ment of curium with carbon ions. These heavy ions 
can be accelerated in cyclotrons of the conventional 
type, but linear accelerators which will be devoted to 
the acceleration of heavy ions to energies sufficient to 
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COCKCROF T - WALTON 
Figure 10. Line drawing of heavy ion linear accelerator (Hilac) at the 
University of California Radiation Laboratory (Berkeley). 
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of heavy ions, the lack of availability of target materials 
of high atomic number and the small reaction yields 
present very serious problems. The reaction yields 
are small due to the competition of the fission reaction 
and this competition is the more severe the higher the 
atomic number and the heavier the projectile; the 
heavier projectile requires more energy to surmount the 
potential barrier, and this gives more excitation energy 
to the nucleus, which leads to more steps of competition 
with fission as successive neutrons are boiled out. [n 
order to prepare milligram amounts of target berkelium, 
californium, and einsteinium on a reasonable time scale, 
new, expensive, high-flux reactors producing 10" to 
10** neutrons/cm?/sec are needed. 


In conclusion, it appears that we can look forward to MH gissoh 
further extension of the periodic table as a continuing & pave | 
result of modern-day alchemy, and thus the transura- J 4 car 
nium elements will continue to add much to our knowl peting 
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does an “insoluble” substance 
dissolve in a selected reagent? Why does the solution 
have to be acidic? Why didn’t my sulfide convert to 
a carbonate? These questions, which involve com- 
peting ionic and oxidation-reduction equilibria, con- 
stantly challenge the serious student. A useful series- 
demonstration can be presented to provide a founda- 
tion for the student’s understanding of such problems. 
The element chosen for this demonstration is silver 
because of its versatile chemistry. 

Outlined in the table is a systematic sequence of 
reactions chosen to illustrate the chemistry of silver. 
The demonstration proceeds after the oxidation of silver 
metal to silver ion by nitric acid. The demonstration 
proceeds by the addition of selected reagents in se- 
quence forming insoluble salts and soluble complex 
ions. Each salt and complex ion in the sequence may 
be shown to leave a progressively lower and lower con- 
centration of silver ion in the equilibrium mixture. 


Reactions in the silver series 


HNO; 
Ag Agt Ag,CO, 
Metal Colorless Cream colored 
solution solid 
OH- NH; 
Dark brown White 
solid solid 
Ag(NH;)2* AgBr 
Colorless Pale yellow 
solution solid 
Ag(8,0;).* ———> Agl 
Colorless Yellow 
solution solid 
Al 
Ag(CN).- ———>AgS 
Colorless Black In hot NasCO; Lustrous 
solution solid solution metal 


The reagents are first added in sequence as shown in 
the table to a series of individual test tubes, each con- 
taining 5 ml of 0.02 M AgNO;. This permits the char- 
acteristics of each precipitate and solution to be ob- 
served. Then 100 ml of 0.02 M AgNO; is placed in a 
tall beaker and to this is added (again in sequence and 
until a definite change is observed) each of the reagents 
listed. Silver sulfide, being the least soluble silver 
salt, forms as the final precipitate. The concluding 
step of the demonstration shows the formation of silver 
metal from the sulfide. 

This demonstration sequence provides a natural 


Pacific Southwest Association of Chemistry Teachers 


The Chemistry of Silver 


A demonstration sequence 


Sunburst af silver forms on the sheet as aluminum metal touches the 
tarnished plate. 


and convenient opportunity to explain such concepts 
as competing reactions, equilibrium constants, methods 
of dissolving metals and precipitates, coordinate bond- 
ing and complex ion formation, effect of concentration 
on ionic equilibria, and oxidation-reduction potentials. 

In presenting the demonstration it is most con- 
venient to show the formation of Ag+ by dissolving a 
bit of silver metal sheet in nitric acid. A stock solution 
of 0.02 M AgNO; may then be used for the reactions of 
the series. A concentration of 1 M for the reagents, 
i.e., for the ions used to form precipitates, and for the 
complex-forming molecules or ions, may then be used 
to produce the sequence of changes. When such an 
arrangement is used in the order given in the table, a 
series of various colored precipitates and of colorless 
solutions will result. The concentration of silver ion, 
Agt, progressively decreases in the equilibrium mixture 
as the sequence is followed. 

The reduction of silver sulfide is shown in the figure. 
The sheet of silver metal shown in the back of the beaker 
first was tarnished heavily by treating the cleaned 
silver with sodium sulfide solution. The solution in the 
beaker is hot 2 M Na,CO;. The strip of metal touch- 
ing the silver is aluminum. Tarnish disappears from 
the point of contact and radiates outward leaving the 
lustrous silver exposed. This reaction is the last step in 
the silver series. 


Repeated requests have been received for the publication 
of particulars regarding this extended series of reactions. The 
series was demonstrated by the author and Dr. Connell B. 
Roberts before the Pacific Southwest Association of Chemistry 
Teachers on November 5, 1955. 

Readers desiring mimeographed sheets giving: (1) tables of 
applicable mass action constants, (2) suggestions for the class- 
room use of sequences of reactions and of tables, and (3) a de- 
scription of some additional and unusual reactions of the silver 
ion may obtain them by writing to the author. 
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Report of the New England Association of Che 


Thomas R. P. Gibb, Jr., 
and Anne Winnermann 
Tufts University 

Medford, Massachusetts 


I. the preceding article (7), methods 
were discussed whereby the essentials of the crystal 
structure of many salts could be predicted from ionic 
radii. It is the purpose of this article to develop the 
relation between coulombic attraction of opposite 
charges and exponential repulsion of like charges on the 
one hand and the resulting structures and consequent 
properties of salts. Ions will still be considered as 
semihard spheres (like sponge-rubber balls) and the 
underlying principle is that which governs how these 
spheres may be packed together so as to satisfy the 
attractive and repulsive forces between them. This 
model, while it is an exceedingly useful one, does neglect 
a few second-order effects and is only approximate. 


The Lattice-Energy of Salts 


If sufficient energy, in the form of heat, is put into 
a salt, one may conceive of the salt vaporizing into a 
gaseous cloud of positive and negative ions. The 
amount of heat required is the lattice energy of the 
crystalline solid. Conversely, when a tenuous cloud of 
ions condenses to form a crystal, this same amount of 
energy is given off, and its magnitude is therefore a 
measure of the tendency of the crystal to be formed, or 
of its stability. Conventionally, a negative sign is 
given to energy given off by such a process of condensa- 
tion (like the latent heat of condensation of water) 
and the symbol used to represent lattice energy is — U. 

Obviously, anything one does to a crystal, such as 
dissolving it, reacting it, etc., is going to be governed to 
some extent by the magnitude of VU. The hardness of a 
crystal must be related to U and the choice between 
two possible crystalline products of a given reaction 
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Table 1. 


Chemical Geometry—Application to 
Salts. Part Il 


must also be related to it. It is clear then that any 
treatment of the chemistry of ionic solids requires 
some knowledge of their lattice energies. Similarly, 
non-ionic solids such as metals have a quantity 
analogous to lattice energy, viz.: energy required to 
convert the solid metal to gaseous atoms. This is the 
latent heat of sublimation or, as it is often called, the 
cohesive energy. It is symbolized by —JLZ (or less 
desirably, because of confusion with the symbol for 
entropy, as —S). 

Table 1 gives cohesive energies for most metals for 
which data are available (2). (Most of the cited 
values are calculated from measured vapor pressures 
and heats of fusion.) 

The lattice energy of a salt is not usually obtainable 
experimentally but may be obtained indirectly from the 
difference between determinable quantities. 


The Born-Haber Cycle 


The heat evolved (negative sign) from the combina- 
tion of two elements in their normal states to form a 
compound is called the heat of formation —AH;,. Its 
magnitude is a measure, although not a perfect one, 
of the tendency of the reaction to go, and of the stability 
of the compound formed. Thus if a great deal of 
energy is evolved, the product is apt to be stable, e.g., 
the heat given off when magnesium burns is very high 
and the product MgO is extremely stable. It follows 
that the lattice energy of MgO is part of the heat of 
formation. While it is often possible to measure the 
heat of formation of an ionic compound experimentally, 
it would be desirable to estimate it from some property 
characteristic of the ion and indeed we will see shortly 
how this may be done from ionic radii. 

The Born-Haber cycle involves the heat of formation, 
the lattice energy, and three other characteristic 


Cohesive Energy (Latent Heat of Sublimation) at 25°C in kcal/gram atom (Data Rounded, for Monatomic Gas (2)) 


Be 77.9 B 141 
35.6 Al 77.5 
42.2 Ga 65.5 
39.1 In 57 
41.7 Tl 43 


Nb 178 
Ta 187 


SESE SSERE 
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constants: the iopization potential, the electron 
affinity, and the dissociation energy, if one of the species 
js gaseous. The ionization potential J, is the energy 
needed (+ sign) to remove n electrons from the gaseous 
atom.’ The electron affinity E is the energy liberated 
(—sign) when an atom takes up an extra electron to 
form a negative ion. Several electron-affinities are 
given in Table 2 (3). The more active metals have 
nearly zero electron affinities. 


Table 2. Electron-Affinities in kcal/gram atom (Electron 
Binding Energy with Reversed Sign) 


-—71 C—-C- —21 
O—-O- +-~170 N~>N- +17 
I—I- —74.2 P—PpP- —5 


The dissociation energy D is the energy required 
(+sign) to break the bond between atoms in a molecule. 
Its value for several common molecules is given in 
Table 3 (2, 3, 4). It is most easily determined 
spectroscopically. 


Table 3. 


kcal/gram atom (4) 


28.6 
112.6 Brz 22.7 
36 


These various characteristic properties may be used 
for the prediction of chemical reactions via hypothetical 
processes such as the Born-Haber cycle. In the latter, 
one starts with a metal for example, and a non-metal 
and converts these stepwise into a salt: 


L | 
M metal) M M + U 
sublime ionize M+xX,7~ 
nD add electrons nE (crystal) 
X~ (ens) 


n/2 od nX (gas) A 
dissociate from above 


The four preliminary steps leading to gaseous ions may 
be summed up to give a number X which is a measure 
of the factors opposing formation of the crystalline 
product. 


L+2tI+nD+nE=X 


Here E is the only term apt to be favorable, i.e., 
negative, and it is usually small; the rest are always 
positive, and the total, X represents the energy one 
has to put into the system. The only source of energy 
in the formation of the product MX is the formation of 
the crystal lattice of energy —U. Thus the heat of 
formation is the difference between X and U: or 
actually the algebraic sum U + X = AH; where U is 
negative and X is positive. A favorable AH, is, of 
course, negative indicating U is numerically the larger. 

Note that the quantities L, 2J, D and to a more 
limited extent EZ are all available in tables such as those 
reproduced here. It is therefore a simple matter to 
evaluate the “opposing factor” X. It is instructive to 
note the sharp increase in ionization potential when 

‘ If this quantity is tabulated in electron volts, it can be con- 


verted to keal by the conversion factor 23.05 kcal per gram atom/ 
ev per atom. 


Dissociation Energies D of Common Molecules in 


one removes electrons successively from a metal. 
There is a sharp increase beyond Na+, Ca*+?, Al**, etc., 
which provides a good explanation of the fact that the 
oxidation numbers are 1, 2, and 3, respectively. Too 
much energy is required to remove an additional 
electron. 


Geometric Calculation of Lattice Energy 


It is reasonable that the lattice energy should be due 
to the attractive force between ions since it is evolved 
when isolated ions are allowed to come together. 
This attractive force is assumed to be electrostatic 
and the potential energy due to it is given per gram atom 
by Ne?/r where e¢ is the electronic charge, and r is the 
varying distance between ions of opposite charge. In 
a salt crystal, however, each ion interacts with every 
other ion, and the above equation is generalized by 
writing —ANe?/r where A is a geometrical constant 
called the Madelung constant which expresses this 
generalized interaction. Also, in a salt, there is a 
repulsion between like charges which varies as NR/r”’ 
where # is a constant and n’ is the repulsion exponent 
mentioned in the preceding article (1). This exponent 
has the approximate values 5, 7, 9, 10, 12 for ions of 
the He, Ne, Ar, Kr, Xe type, respectively. In a salt, 
the average value of the exponents for all the ions is 
taken. One must include the number of nearest 
ions, C (for coordination number), in the exponential 
expression, which becomes NRC/r"’. One mole of 
ions then has the total energy: 


E = N[—A(e?/r) + (RC/r”’)] 


where N is Avogadro’s number. On differentiating 
and equating to zero, one obtains the value of r = ro 
at which the energy given off is at a maximum (i.e., 
where E = U). This value will be the observed 
internuclear distance. On substituting back in the 
above equation one obtains: 


Emax = U = —NAe*{1 — (1/n’)} 


Note that this equation, due to Max Born and his 
co-workers (4), affords a means of evaluating the lattice 
energy from the distance between ions and from 
available parameters. A more useful form is written: 


U = 329.7 zA[1 — (1/n’)]/ro 


where the numerical constant contains Avogadro’s 
number and conversion factors; zis the largest common 
factor of the oxidation numbers of the ions (e.g., unity 
for MX, MX2, MX;, etc., where X is univalent). 

For maximum predictive utility, the value of ro 
is taken as the sum of the tabular cation and anion 
radii, corrected if necessary as suggested in the pre- 
ceding article. Values of A are given in Table 4 for 
most of the commonly encountered crystal structures 
(6). A simple method for estimating Madelung 
constants is given by Templeton (7) who cites additional 
sources of data. For many simple crystals the 
Madelung constant may be estimated from the packing 
efficiency (8). the term [1 — (1/n’)] in the equation 
may be replaced by [1 — (p/ro)] where p is an empirical 
constant (about !/3). 

An approximate method for estimating lattice energy 
which does not require the Madelung constant is due 
to Kasputinskii (9) and is written: 
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a 
> —16.4 
a 
ab 
| 
31.2 
26.8 


u = 287.2 En. (1 — (0.345/ro) + 0.00453r0]/ro 


where =n is the number of ions in the stoichiometric 
formula, 2, and z, are the oxidation numbers of anion 
and cation and rp is the sum of the ionic radii. Here 
the more-or-less constant p is taken as 0.345. The 
last term, 0.00453r is frequently neglected. 


Table 4. Madelung Constants (6) 
Crystal Structure 


SE 


t 
Caesium chloride 
Zinc blende 
Wurtzite 
Sodium thallide 
Fluorite 
Cuprite 
Rutile 
Cristobalite 
Bismuth trifluoride 
Rhenium oxide 


Zirconium tetra- 
iodide 


Perovskite 


CaTiO; 


Utility of the Lattice Energy 


Analysis of the foregoing reveals that we now have 
a method of estimating the lattice energy and hence 
the heat of formation from tabular ionic radii and 
characteristic constants. This is part of the reason for 
the emphasis on packing-models of crystals and the 
calculation of internuclear distances therefrom. Let 
us use one example of a typical calculation: 

What is the likelihood that calcium will form a mono- 
chloride CaCl? Or, more properly, is CaCl stable 
with respect to the metal and halogen or with respect 
to the metal and CaCl? The necessary data are shown 
in Table 5. The lattice energies shown are calculated 
from the sums of the tabular radii of the ions. 

Inspection of the data shows that a hypothetical 
CaCl should indeed be formed from the metal and 
chlorine (exothermic by 184 — 125 = 59 keal) but is 
unstable with respect. to the more familiar dichloride. 
(Structures of CaCl and CaCl, are assumed on the 
basis of previous considerations, although both are 
known.) 

This way of rationalizing or predicting is useful in 


many sorts of chemical problems, i.e., in corrosion 
where one wishes to find out if an intermediate sub- 
compound can be involved or where one wishes to 
know if the corrosion product is more or less compact 
than the metal. 


Lattice Energy, Solvation Energy, and the Solubility of 
Salts 

The energy of solvation of an ionic MX crystal is 
given by the following equation (10): Un(M) + Un(X) 
= crys. + Us where U,(M) and are the 
heats of hydration of the ions, Ux cys. (plus sign) 
is the lattice energy of the crystal, and U,; is the heat of 
solution. It can be seen that the process of dissolving 
may be regarded as occurring in two steps; first, the 
dissociation of the crystal into gaseous ions and, 
secondly, the hydration of these gaseous ions. In the 
first step energy is absorbed while in the second step 
energy is liberated. 

To evaluate the heat of solution for LiF, a salt very 
insoluble in water, the following values in kcal/mole 
are used: U,(M) = 136 (10), Un(X) = 97 (10), and 
Uux = 238, hence U; = —5. For the other alkali 
fluorides the values are NaF, U; = —3; KF, U; = 1; 
RbF, U; = 3; and CsF, U, = 5. Oncomparing LiF to 
the other alkali fluorides it can be seen that LiF has 
the lowest value of heat of solution. This method is 
approximate because entropy is neglected, but it shows 
the relative solubilities of the alkali fluorides. 
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Table 5. Lattice-Energy and Born-Haber Cycle for CaCl and CaCl. 


“CaCl 


CaCl, 


Cl — Cl- 


42.2 keal 


reat = 1.18 A (Pauling) 
= 1.81A 
To = 2.99 A 
Ucate. = —184 kcal 


Ca — Cagas 
Cagas 
2Cl 
X= 340.4 
= 0.99A 
~=1.81A 


To = 2.80A 
Ucate. = —526 kcal 
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The membership of the Division remains steady with about 
2070 members listed in the 1958 directory. Out of this number, 
however, only 560 valid votes were cast in the last election for the 
chairman-elect. Are three-fourths of the members disinterested 
in the operation of the Division? Interested or not, the mem- 
bers are continuing to get their money’s worth, and the Division 
treasury is holding steady. The JourNAL or CHEMICAL Epuca- 
TION continues to have a circulation of around 10,(*:0 copies. 
A “new look’’ in the JouRNAL begins with this issue. 

Although the number of volunteer man hours which goes into 
the work of the Division coinmittees has not been calculated, the 
membership can be happy that they are not asked to pay for it. 
These committees normally operate on the Saturday and Sunday 
preceding the ACS national meeting, and thus require the early 
attendance of all participants at their own expense. 

The Committee on Visiting Scientists now under the chairman- 
ship of Samuel P. Massie is already considering their proposal for 
1959-60. The present committee consists of D. J. Cook, E. C. 
Fuller, H. F. Lewis, F. B. Dutton, and L. C. King. The Commit- 
tee has planned for 120 visits, 10 to high schools, 21 to junior 
colleges, and 89 to senior colleges the 1958-59 year. Visits will 
be made by 36 college teachers and 4 high school teachers. 

The Examinations Committee is still running in high gear and 
expanding its operations under the chairmanship of Theodore A. 
Ashford. The committee now has available 20 tests with several 
more in the development stage. Sales of test booklets increased 
from 43,000 in 1956-57 to over 70,000 in the period August 1, 
1957, to July 31, 1958. This increase is primarily attributable to 
the wider use of the high school test, the sales rising from 6800 
to 31,000 test booklets. Perhaps a total of 200,000 students were 
tested. Several new tests were published this year: the General 
1958 and a scrambled version General 1958-S were produced under 
the chairmanship of Donald D. Wright (Brooklyn College); the 
Organic 1958 Test was developed under the chairmanship of 
Bernard A. Nelson (Wheaton), and in addition the High School 
Form N was revised under the chairmanship of Walter E. Haus- 
wald (Sycamore, Illinois, High School). The high school area 
is under the direct supervision of C. E. Ronneberg, vice-chairman 
of the committee. At the NSTA meeting in March a new high 
school subcommittee was constituted under the chairmanship of 
Paul Wilkinson. The function of this committee is to initiate a 
new type of test for the high school with emphasis on scientific 
methods and skills. Six members of the subcommittee are work- 
ing on new tests. The general chemistry subcommittee is now 
initiating a new test to be released in the spring of 1960. This 
subcommittee has also undertaken to prepare a qualitative analy- 
sis supplement for use in general chemistry courses devoting the 
second semester to that subject. The qualitative analysis sub- 
committee under the chairmanship of W. C. Oelke has adminis- 
tered two experimenial tests. They are now at work compiling a 
new test to be published in the spring of 1959. This test is for a 
separate course in qualitative analysis. The organic chemistry 
subcommittee, under the chairmanship of B. A. Nelson will pres- 
ently initiate a new one-year organic test. The biochemistry 
subcommittee under the chairmanship of H. G. Oddy adminis- 
tered two experimental tests last spring. They are now studying 
the item analysis and compiling a new test to be released next 
spring. The inorganic subcommittee under the chairmanship of 
8. Y. Tyree is working on a first version of a new test to be given 
at the senior level. A questionnaire concerning the desirability 
of a test measuring undergraduate preparation was sent to chair- 
men of all departments of chemistry, and chemical engi- 
neering offering Ph.D. degrees. The response indicated substan- 
tial interest in this area. Arthur Roe (North Carolina) agreed to 
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accept the chairmanship of this new subcommittee and to explore 
the production of a test in this field. Other committee members 
not previously mentioned are: vice-chairman in charge of sub- 
committees, R. L. Van Peursen; vice-chairman in charge of 
editorial matters, F. D. Martin; vice-chairman in charge of meet- 
ings and conferences, C. R. Meloy; subcommittee chairmen: 
quantitative analysis, Lester Kieft; physical, E. L. Haenisch. 
Committee members whose terms expired in September, 1958, are 
A. B. Garrett, W. B. Cook, and O. C. Dermer. 

The Program Committee with Jack G. Calvert as chairman also 
includes W. H. Slabaugh and C. E. Bricker. P. W. West’s term 
expired at the September meeting. At Chicago in September, 
1958, in addition to the general papers, symposia were held on 
Instruction in Inorganic Chemistry, The Training of Superior 
Students, The Teaching of Polymer Chemistry. In Boston next 
spring symposia have been arranged on Some Aspects of Biochem- 
istry of Particular Interest to General Chemistry Teachers, 
Trends in Instruction in Chemistry by Television and Film, and 
The History of Radiation Chemistry. 

The Committee on the Teaching of Chemistry is headed by 
Edward C. Fuller and consists of J. R. Bright, J. A. Campbell, 
R. H. Carleton, L. B. Clapp, L. H. Colborn, W. B. Cook, Harriet 
Fillinger, Dorothy Gifford, R. J. Gladieux, E. L. Haenisch, J. F. 
Hazel, W. G. Kessel, W. S. Lapp, H. F. Lewis, A. H. Livermore, 
H. M. Louderback, D. G. Nicholson, B. M. Norton, L. E. Strong, 
T.C. Van Osdall, E. C. Weaver, and H. V. Wik. The committee 
heard a report on the Wesleyan Conference by Harry F. Lewis 
and discussed the next steps to be recommended concerning a 
conference to continue the work done at Reed and Wesleyan, the 
status of chemistry at the junior college level, and plans for a con- 
ference to study the basic principles of chemistry which should be 
included in the four-year undergraduate curriculum. 

Frank C. Martin, Chairman, Subcommittee on Recordings for the 
Blind, reports that there is still an urgent need for technical 
readers. The headquarters of this organization states that “we 
have several chemistry books on the shelves waiting for produc- 
tion, with no qualified readers to undertake the work.... The 
need for readers in chemistry remains.”” Anyone who feels he can 
participate in this project is urged to write to Professor Martin, 
Department of Chemistry, Purdue University, Lafayette, 
Indiana. 

At the time of writing, information on the 1959 NSF sponsored 
Summer Institutes is not available. However, W. B. Cook, 
Chairman of the Committee on Institutes and Conferences, plans to 
have this information for the earliest possible date for publica- 
tion in THIs JouRNAL. Cook’s committee consisting of D. 8. 
Allen, W. H. Slabaugh, O. M. Smith, B. R. Stanerson, P. L. 
Brandt, L. A. Hamilton, R. J. Gladieux, H. F. Lewis, W. T. 
Lippincot, and Lewis Pino, in conjunction with the Committee on 
Teaching are considering on behalf of the Division a large scale 
proposal to NSF in planning a long-range program in chemical 
education. 

The membership should appreciate the fact that the directory 
they have received in recent years is largely due to the efforts of 
one man-——Harry F. Lewis. For his unfailing efforts in behalf of 
chemical education, Dr. Lewis will receive the SAM award at the 
spring 1959 meeting of the Society. 

I wish to acknowledge that this report was written in part on 
the basis of committee reports received by me. 


Epwin M. LarRsEN 
The University of Wisconsin 
Madison 6 
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BOOK REVIEWS 


Mechanisms of Inorganic Reactions 


Fred Basolo, Associate Professor of 
Chemistry, and Ralph G. Pearson, 
Professor of Chemistry, both of North- 
western University. John Wiley & 
Sens, Inc., New York, 1958. xi + 
426 pp. 15.5 X 23.5cem. $11.75. 


This book is an extremely important 
addition to the literature of inorganic 
chemistry. It is well written and pre- 
sents for consideration in a critical way the 
various facets of problems discussed in 

its nine chapters. 

' In the introductory chapter, the authors 
give a very brief historical introduction 
to the field of coordination chemistry 
discussing the stereochemistry of complex 
ions and some of the factors influencing 
their stabilities; included is also a short, 
well-organized, section on nomenclature. 
In Chapter II the various theories of the 
coordinate bond are critically evaluated. 
The discussion considers Pauling’s Valence 
Bond Theory, with the Molecular Orbital 
Theory, the Electrostatic and the Crystal 
Field Theory. Very brief mathematical 
derivations are included which are of help 
in the understanding of the discussion. 
A special section deals in a clear fashion 
with the application of the Crystal Field 
Theory to the field of coordination chem- 


Chapters II and III are concerned with 
substitution reactions in octahedral and 
square complexes; the effects of size and 
charge on SN; and SNz reactions are 
evaluated. The effect of the electronic 
structure of the central atom on reactions 
is discussed and exchange rates and stabil- 
ities are correlated. The application of 
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the Crystal Field Theory to the kinetics 
of these reactions is discussed in detail 
followed by a consideration of the effects of 
bonding and of solvent on reaction rates. 
For the square coplanar complexes (Chap- 
ter IV) the authors compare the electro- 
static and pi bonding theories of the trans 
effect on exchange and substitution reac- 
tions. 

In Chapter V substitution reactions of 
octahedral complexes are considered with 
an evaluation of the SNi, SN2 (or modifica- 
tions of these) or edge shift mechanisms 
proposed for these reactions. Included in 
this chapter is a discussion of geometrical 
and optical isomerization reactions. Chap- 
ter VI, Isomerization and Racemization 
Reactions, emphasizes cis-trans isomeriza- 
tion of octahedral and square coplanar 
complexes; for racemization reactions 
both the inter- and intramolecular mech- 
anisms are critically examined for specific 
examples. A discussion of asymmetric 
transformation and stereospecific reactions 
of coordination compounds is also included. 

In Chapter VII, Oxidation-Reduction 
Reactions, are considered from the point 
of view of electron transfer and atom trans- 
fer mechanism, and the authors attempt 
to evaluate the two in terms of the ex- 
perimental results. The Catalytic Effect 
of Coordination Compounds is the topic of 
Chapter VIII, and the authors include 
homogeneous reactions in aqueous and 
nonaqueous systems as well as a short 
section on heterogeneous reactions. Be- 
cause of the rapid developments in this 
field, some of the reaction mechanisms 
have since been interpreted differently 
in view of more recent data. 

The ninth chapter consists of mis- 
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cellaneous topics such as absorption and 
charge transfer spectra, photochemistry, 
ion-pair formation, and acid-base proper- 
ties. The chapter concludes with a 
discussion of exchange reactions, and an 
excellent table of exchange reactions of 
some metal coordination compounds giv- 
ing conditions and exchange rates is in- 
cluded. 

Professors Basolo and Pearson are to Le 
congratulated for writing this book whicli, 
in the opinion of this reviewer, will have 
great importance on the development of 
inorganic chemistry. The critical way in 
which they have presented the availabe 
experimental results will no doubt inspire 
much scientific effort in this field. This 
book is a definite must on the shelf of 
every inorganic chemist. 


Hans B. JonassEeN 
Office of Naval Research 
London Branch Office 


Quantitative Analysis 


R. A. Day, Jr., Professor of Chemistry, 
and A. L. Underwood, Associate Pro- 
fessor of Chemistry, both of Emory 
University, Atlanta, Georgia. Prentice- 
Hall, Inc., Englewood Cliffs, N. J., 
1958. ix + 465 pp. Many figs. and 
tables. 16 X 23.5cm. $2. 


The authors “believe that so-called 
‘instrumental’ analysis has reached the 
point where it should be integrated into 
the undergraduate program in quantita- 
tive analysis. ...This text represents 
an attempt...to present a reasonable 
amount of instrumental material at a 
level comprehensible to undergraduates 
unfamiliar with physical chemistry and 
calculus, while at the same time not 
slighting volumetric and _ gravimetric 
topics.” The text does not contain any 
laboratory procedures. There is an ac- 
companying laboratory manual available. 

Chapter 1 is an introduction of five 
pages. Chapter 2 (19 pages) deals with 
errors and the treatment of analytical 
data. Part I consists of the next seven 
chapters (170 pages). It deals with 
volumetric analysis. Methods, stoichi- 
ometry, and equilibrium calculations for 
neutralization and oxidation-reduction 
processes are presented quite thoroughly. 
The last chapter of Part I presents 
precipitation and complex formation titra- 
tions. Part II contains five chapters 
(92 pages) dealing with gravimetric 
analysis. Stoichiometric calculations, 
separation by precipitation, formation 
and properties of precipitates, otlier 
methods of separation, and the gravi- 
metric analysis of simple and comp'ex 
mixtures are discussed. Part III consists 
of four chapters (106 pages) and deals 
with instrumental analysis. Topics })'e- 
sented are: potentiometric titrations. 
electrolysis, polarography and ampe:0- 
metric titrations, colorimetry, and spect r0- 
photometry. 

A table with the formula weights of 
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atomic weight table precede Chapter 1. 
There are six appendexes (53 pages) 
containing tables of equilibrium constants, 
2 bibliography, a review of mathematical 
operations, mathematical operations for 
the Beer-Lambert Law, a discussion of the 
analytical balance with 16 questions and 
19 problems, and a five-place logarithm 
tuble. A large number of questions and 
problems are appended to each chapter. 
Several chapters have between 40 and 
50 problems. Answers are given for all 
odd-numbered problems. 

This text lends itself to flexibility. 
The authors have written it primarily for 
the beginning student. There is a con- 
silerable amount of illustrative material 
to emphasize the solution of problems. 
The reviewer feels that the text will be 
well accepted by those who wish to spend 
a little more than the usual amount of 
time on the quantitative analysis course. 


Horace E. RoGers 
Dickinson College 
Carlisle, Pennsylveniu 


Batteries of Today 


Alfred B. Garrett, Professor of Chem- 

istry, Ohio State University. Research 

Press, Inc., Dayton, Ohio, 1957. v + 

216 pp. 71 figs. 13.5 X 20.5 cm. 

39. 

This little book is written primarily 
for the person who is unfamiliar with the 
field of batteries. It seeks to acquaint 
the reader with both the recent develop- 
ments in conventional battery systems and 
new systems which have been developed 
to meet move unusual battery require- 
ments. 

The aut wr ha adopted very success- 
fully a sim, *e style of writing to explain 
the ideas of vatteries, their composition 
and construction. Several well-drawn 
analogies serve to place the ideas on 
more familiar ground. There is an 
enthusiasm evident in the writing which 
should make the novice reader much 
more interested in batteries in general 
and make him want to read more special- 
ized books on the subject. The im- 
pression is left that there are “great 
doings’ currently in battery research 
and that many new developments can 
be expected in the future. 

Since this book has been written to 
acquaint the general reader with the 
up-to-date aspects of the field of batteries, 
it is not surprising that it is inadequate 
for those working in the field and that 
several minor errors can be found. There 
are also several items of interest which are 
aot mentioned and others which are 
sovered all too briefly. Thus, the silver- 
un: storage battery is not mentioned, 
even though it has been available for 
more than five years and is important 
for several military applications. A short 
paragraph on the sealed nickel-cadmium 
battery would have been of great interest 
since it introduces some new concepts 
in battery technology and may have 
mportant uses in the future. The 
Teserve type magnesium-cuprous chloride 


battery should have been covered since 
this water-activated battery has been 
used in large quantities for the past 8 to 10 
years in some rather unique applications. 

The statement that primary batteries 
cannot be recharged is an oversimplifi- 
cation. Most primary batteries can be 
recharged to a limited extent, even though 
they are not designed for long cycle 
life and it is not economical at the present 
time. 

In the figures on pages 81 and 82, 
various types of magnesium-silver chloride 
cells are shown but the context describes 
these as layer-built Leclanché dry cells. 
The use of the term “silver peroxide” 
is not quite correct since Conn and others 
have shown that this is simply divalent 
silver-oxide (AgO) and not a peroxide 
in the usual sense. In some places the 
potentials of various electrodes are given 
without the qualification that these 
depend in addition on the electrolyte 
composition and pH. 

The price of the book seems quite 
high related to both the size and number 
of pages. Perhaps this is a sign of the 
times. 

It seems to the reviewer that the author 
has succeeded in his primary objectives 
of giving the general reader a review 
of current battery developments together 
with enough background information 
for a basic understanding of battery 
systems. It is hoped that it will provide 
a stimulus for more people to enter the 
fascinating field of battery research. 


W. S. HERBERT 


Ray-O-Vac Company 
Madison, Wisconsin 


Principles of Physical Chemistry 


Samuel H. Maron, Professor of Physical 
Chemistry, Case Institute of Tech- 
nology, and Carl F. Prutton, The Food 
Machinery and Chemical Corp. The 
Macmillan Company, New York, 1958. 
viii + 789 pp. Many figs. and tables. 
16 X 24cm. $8.50. 


This excellent text is really a third 
edition of ‘Fundamental Principles of 
Physical Chemistry’? by Prutton and 
Maron. The title has been shortened, 
the author order reversed, and the number 
of pages reduced by increasing format 
size and condensing certain chapters. The 
general appearance of the book has been 
improved by the enlarged page size and 
the use of larger stand-out section head- 
ings. The table of physicochemical con- 
stants has been revised and moved to the 
front right end paper opposite the table 
of atomic weights inside the front cover. 
The number of problems, many excellent 
for the first course in physical chemistry, 
has been increased to 634, thus allowing 
ample choice for problem assignments. 

Most chapters and illustrations of the 
new text are identical with those of the 
previous edition. The more significant 
changes have been made in the chapters 
on thermodynamics, solutions, molecular 
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structure, and colloid chemistry. The 
second and third laws of thermodynamics 
are now covered in the same chapter. The 
older chapters on nonelectrolytes and elec- 
trolytes are condensed into a single chapter 
on colligative properties of solutions. The 
former chapter on physical properties and 
structure has been combined with that 
on molecular structure. A new chapter 
on surface phenomena separates this mate- 
rial from the former chapter covering 
colloid chemistry. The treatment of 
colloid chemistry has been expanded and 
modernized. 

This excellent and widely used text has 
been improved in this new edition and 
consequently should be well received by 
teachers of full-year courses in physical 
chemistry. 


Joun H. BuckINGHAM 
Miami University 
Oxford, Ohio 


Surface Chemistry 


J. J. Bikerman, Massachusetts In- 
stitute of Technology. 2nd_ ed. 
Academic Press, Inc., New York, 1958. 
x + 501 pp. 160 figs. 64 tables. 16 
X 23.5em. $15. 


There is no doubt about it. Bikerman 
writes from a wide acquaintance with the 
literature up to recent times. As he dis- 
cusses in turn the chemistry of the inter- 
faces between the three phases of matter, 
he brings up time and time again unusual 
references to pertinent experimental tech- 
niques or technological applications of the 
concepts involved. This reviewer has 
found it inspiring to browse for ideas in 
the first edition of this book. Although a 
number of early references have been 
sacrificed in the interests of space, the new 
edition should serve as a similar valuable 
sourcebook. 

Even though the author hoped the pres- 
ent volume would be used by teachers, this 
reviewer feels that it will not suffice. 
There is a lack of continuity in the develop- 
ment of surface chemistry as a unified 
science such that its pedagogical useful- 
ness is seriously impaired. It is as though 
the author brought out too many con- 
tributions and unusual references where 
the steady development would have done 
better. 

The second edition does not live up to the 
first edition in freshness or appreciation of 
new pertinent information. Because of 
the vast number of recent contributors and 
advances in this field, it must be recognized 
that the burden of bringing this material 
up to date is tremendous. The best way 
to emphasize these deficiencies is to point 
out the names of workers who have been 
overlooked or glossed over. It is sur- 
prising, to mention a few examples, to 
find no reference to J. T. Davies and his 
work on surface films and emulsions, to 
the work on the stability of dispersions 
by Tezak and Matijevic, to the Elton 
hypothesis for establishing the nature of 
adsorption from solution, or to the work 
on chemisorption by Trapnell. Often the 
weaker references of a worker are referred 
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to instead of the more pertinent ones; 
examples are the work of Schwab on defect 
oxide supported metals, and of Schulman. 
and Pethica on biologically important 
films. Indeed, for study of a specified 
area of surface chemistry, examination 
leads one to a feeling that too little meat 
is served with too much dessert. 

The section on Repulsion of Electric 
Double Layers is new but there is no 
evidence therein for the state of matters 
regarding the Verwey-Overbeek versus 
Derjaguin controversy. Nor is the con- 
troversy on the attraction forces between 
colloidai particles brought up at all. 

It must be emphasized, however, that, 
in its way, this book is exceedingly useful. 
This reviewer is pleased to have it avail- 
able on his bookshelf. 


A. C. ZETTLEMOYER 
Lehigh University 
Bethlehem, Pennsylvania 


Surface Active Agents and Detergents— 
Volume 2 


Anthony M. Schwartz, Harris Research 
Laboratories, Washington, D. C.; James 
W. Perry, Western Reserve University; 
Julian Berch, Harris Research Labor- 
atories. Interscience Publishers, Inc., 
New York, 1958. xv + 839 pp. 16 X 
23.5 em. $17.50. 


During the last 15 years, surfactants 
have found very important applications 
in almost every branch of technology. 
Concurrently there has been an enormous 
increase in research relating to these 
agents, leading to important advances in 
surface and colloid chemistry. The pres- 
ent book, together with the earlier volume, 
is the most comprehensive and useful 
work covering this broad field. Volume 1 
covered literature up to the beginning of 
1947; Volume 2 covers the period 1947- 
1956. As in Volume 1, the literature has 
been reviewed very thoroughly indeed. 
The author index lists approximately 6000 
names. 

Frequently the style is curt, resembling 
that of an “annual review.’”’ Brief sum- 
maries of many publications are presented 
without adequate critical evaluation. 
However, some important topics are dis- 
cussed in a more connected and critical 
manner. This is particularly true of the 
excellent chapter on the physicochemical 
basis of detergency. 

Part I (146 pages) describes the organic 
structures and syntheses of the various 
detergents and surfactants. This section 
is small as compared to the corresponding 
part of Volume 1. During the last decade, 
a greater proportion of effort has gone into 
studying the physicochemical properties 
and the applications of surfactants, rather 
than into synthesizing many new ones. 
The authors might well have devoted more 
space to the increasingly important non- 
ionic and ampholytic agents. Neverthe- 
less, this section, along with the corre- 
sponding part of Volume 1, is the best 


account of the organic chemistry of the | 


surfactants which exists. The patent 
literature is referred to extensively. 
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- explained in greater detail. 


Part II (210 pages) deals with special 
applications of individual surfactants, in- 
cluding rust inhibition, sludge dispersion 
in oils, germicidal applications, and textile 
finishing. This section also reviews the 
methods used for analysis of surfactants. 

Part III (153 pages) reviews work on 
the physical and colloidal chemistry of 
surface-active agents. It surveys litera- 
ture on adsorption, micelle properties, 
solubilization, foaming, wetting, emulsifi- 
cation, and detergency. This portion of 
the book might well have been expanded 
at the expense of Parts II andIV. How- 
ever it furnishes an excellent start for 
surveys of the literature in the important 
areas covered, 

Part IV (196 pages) discusses the use of 
surfactants in industries such as launder- 
ing, metal cleaning, textile proce s:.g, 
drugs, cosmetics, flotation, fertilizers, in- 
secticides, leather, and paints. 

Since this book is actually a supplement 
which brings the original volume up to 
date, the user may often have to refer 
back to Volume 1. It is to be hoped that 
the next edition will appear as a single 
integrated work. Meanwhile this volume 
and its predecessor constitute a valuable 
and unique reference work for both col- 
lege and industrial libraries. 

Irvine REICH 
Lever Brothers Research Center 
Edgewater, New Jersey 


How to Solve General 
Problems 


C. H. Sorum, Professor of Chemistry, 
University of Wisconsin. 2nd ed. 
Prentice-Hall, Inc., Englewood Cliffs, 
N. J., 1958. viii + 184 pp. 15 X 23 
em. Paperbound. $2.25. 


This second edition of a self-teaching 
review of first-year college chemistry 
principles is a distinct improvement 
over the first edition published in 1952. 
This edition runs to 184 pages and 550 
problems as contrasted with 157 pages 
and 500 problems in the first edition. 
The extra space is utilized not only for 
additional problems, but also in expanded 
discussions which precede each group 
of problems, many of which are now 
As _ before, 
several alternative methods are shown. 

Answers are provided in three ways: 
(1) detailed solutions (161 problems), 
(2) numerical answers, now placed at 
the back of the book (174 problems), 
and (3) answers not in the book, but 
available from the author or publisher 
(215 problems). Most of the problems 
are the same as in the first edition, but 
in some cases the data have been changed. 
In this edition, the author has taken 
pains to see that the data and answers 
are consistent with respect to significant 
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Material not in the first edition includes 
Fahrenheit-Centigrade conversion prob- 
lems, pound-atomic weights, ton-atomic 
weights, pound atoms, ton atoms, the 


general gas law equation, the hydrolysis 
constant, and a chapter on stoichiometry 
of mixtures. Deletions include pOH, 
equivalent volume, and a chapter on the 
concept of chemical factors, the use «f 
which the author previously regarde1 
as the ideal method of solving problems. 

Rearrangement of chapters brings the 
material on _ stoichiometry togethe. 
Minor modernizing changes include the 
use of formula weight instead of molecular 
weight when referring to ionic compounds, 
and the replacement of P20; by P.O». 
The useful data provided in the appendix 
of the first edition are also found in the 
second. 

The wide scope and attractive format 
will probably result in the adoption 
of this volume as a supplementary problem 
book in many general chemistry courses. 
Its coverage is virtually identical with 
“Schaum’s Outline of Theory § and 
Problems for Students of  Colleze 
Chemistry.” 


Gerorce B. KaurrMan 
Fresno State College 
Fresno, California 


Textbook of Organic Chemistry 


Carl R. Noller, Professor of Chemistry, 
Stanford University. 2nd ed. W. B. 
Saunders Co., Philadelphia, 1958. 
x + 654 pp. 16.5 X 24 cm. 


In this second edition, as was done in 
the first, the author presents a thorough 
coverage of the preparations, reactions, 
and uses of organic compounds. The 
book has many outstanding features. 
One is the presentation of reaction mech- 
anisms such as aromatic substitution and 
the oxidation of aliphatic alcohols and 
aldehydes. The effect of intermolecular 
forces on the physical properties of organic 
compounds is included. Attention is given 
to the industrial uses of organic chemicals. 

The contents of the book, in order of 
presentation, include 219 pages on aliphatic 
compounds; 91 on proteins, derivatives 
of carbonic and_ thiocarbonic acids, 
stereoisomerism and carbohydrates; 13% 
on aromatic compounds; 30 on hetero- 
cyclics; 47 on color, dyes, dienes, and 
synthetic rubbers, chlorinated and fiuo- 
rinated hydrocarbons; 46 on polyfunc- 
tionals; 20 on alicylic and terpenes; and 
15 on organometallics. A set of review 
questions and a set of problems are in- 
cluded at the end of each chapter. A 
periodic table of the elements and an 
atomic weights table are found in the rear 
of the book. Pertinent information con- § 
cerning prominent organic chemists is 
given in footnote form. 

Although the second edition was not 
completely rewritten, some of the mat«ria! 
from the first edition was eliminated while 
other material was reorganized. A  on- 
siderable amount of new information has 
been added. Whereas the first edition 
contained a specific chapter on mecha 
nisms of organic reactions, mechanisms 
are generally well integrated with the 
appropriate factual information in the 
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